Performance and Characterization of Nickel-Iridium Alloy Nanoparticles for Catalytic Hydrogenation by BAI JIAQI
Performance and Characterization of








Performance and Characterization of 
Nickel-Iridium Alloy Nanoparticles for 
Catalytic Hydrogenation 
Department of Applied Chemistry, 
Graduate School of Engineering, 
TOHOKU UNIVERSITY 
Jiaqi Bai 
(ID No. B7TD4007) 
Advising Professor at 
Tohoku Univ. 
Professor Keiichi Tomishige 
Research Advisor at 
Tohoku Univ. 
Assistant Professor Masazumi Tamura 
Dissertation 
Committee Members 
Name marked with 
“○” is the Chief 
Examiner 
○ Prof. Keiichi Tomishige
1  Prof. Tetsutaro Hattori 2  Prof. Hitoshi Kasai 
Performance and Characterization of Nickel-Iridium Alloy Nanoparticles for Catalytic  
Hydrogenation 
ABSTRACT: Catalytic hydrogenation of unsaturated compounds with H2 is widely used in petrochemical, 
coal chemical and fine chemical industries. Heterogeneous catalysts are more suitable than homogeneous 
catalysts in industrial processes because of the easy separation of catalysts from the products and catalysts 
recyclability. In order to attain more economic and low-energy processes, the precise design and 
preparation of heterogeneous catalysts, namely construction of heterogeneous catalysts with high atomic 
efficiency, are strongly required. Much effort has been devoted to the development of effective 
heterogeneous catalysts by adjusting geometric and electronic structure of surface, such as formation of 
alloys, intermetallic compounds or core-shell structures, control of shapes, modification of a main metal 
with metal oxides, metal salts or organic compounds and so on. Among these approaches, bimetallic alloy 
formation is a powerful tool for fine tuning of activity and selectivity, and single atom alloys (SAAs) are 
promising due to the comparatively well-defined active sites as well as assisting effect of the mother 
metals, which often shows unique and/or superior catalytic in comparison with their monometallic 
counterparts. Recently, SAAs, which can be prepared by doping one atom into another metal’s 
nanocrystals or atomically dispersing one metal into another metal’s nanocrystals, have attracted much 
attention in hydrogenation reactions because of the unique catalytic performance due to the geometric and 
electronic structures. Single-atom alloys with noble metals, especially single-Pd atom, -Pt atom and -Au 
atom alloys, showed unique catalytic activity for hydrogenation, dehydrogenation, oxidation reactions 
and so on. On the other hand, base metals such as Ni, Cu, Co and Fe are cheap and abundant in the earth 
crust, and particularly Ni metal has good catalyst activity for catalytic reactions in comparison with other 
non-noble transition metals such as Cu, Co and Fe. However, there are a few reports on single-atom 
alloys with non-noble metals such as Ni, Cu, Co and Fe. Herein, this thesis focuses on the study of 
catalytic hydrogenation over Ir-alloyed Ni single atom catalyst. 
[Chapter 2: A nickel–iridium alloy as an efficient heterogeneous catalyst for hydrogenation of olefins 1)] 
In this chapter, nickel and iridium supported on SiO2 (Ni–Ir/SiO2) was found to act as an effective catalyst 
for hydrogenation of olefins, and it showed higher activity and selectivity than the monometallic 
counterparts. The Ni-Ir/SiO2-1 was selected as a candidate catalyst in terms of activity and it can be 
reused four times without change of conversion and selectivity. Furthermore, Ni–Ir/SiO2-1 is composed of 
Ni–Ir alloys and Ni particles based on various characterizations. In addition, the relationship between 
turnover frequency based on the number of surface metal atoms (TOFs) and alloy composition of Ni/(Ni + 
Ir) was investigated, the TOFs increased with increasing the alloy composition up to 0.16, reaching a 
maximum TOFs of 4190 min−1. However, the TOFs decreased at a higher alloy composition, suggesting 
that the high Ni content in the alloy is not preferable for the reaction. The tendency of the isolated Ni 
amount is quite similar to that of the TOFs, particularly below 0.24 of Ni/(Ni + Ir), and a good linear 
relationship between TOFs and the isolated Ni amount was obtained, which strongly suggests that the 
isolated Ni atom in the Ni–Ir alloy can be the main active site for the reaction. Substrates scope exhibited 
that Ir-alloyed Ni single atom was effective for hydrogenation of olefins, not aromatics.  
[Chapter 3: Comparative study of nickel–iridium alloy, non-noble metal+Ir and Ni+noble metal catalysts 
in styrene hydrogenation and elucidation of reaction mechanism of nickel–iridium alloy] In chapter 2, 
Ni-Ir/SiO2-1 catalyst showed much higher activity than Ir/SiO2 and Ni/SiO2 and the isolated Ni atom in 
Ni-Ir alloy can be responsible for the high activity. Herein, the scope of bimetallic catalysts systems of 
non-noble metal and noble metals was scrutinized in hydrogenation of styrene as a model reaction in 
chapter 3. In addition to the catalyst Ni-Ir/SiO2-1 in chapter 2, Co-Ir/SiO2-4 and Ni-Pt/SiO2-0.25 catalysts 
also showed higher conversion and selectivity than the monometallic counterpart catalysts, however, 
Ni-Ir/SiO2-1 was more preferable than these catalysts in terms of activity, and SiO2 was the best support 
for styrene hydrogenation among Ni-Ir/support catalysts. Furthermore, kinetic studies on effect of 
substrate concentration and H2 pressure was investigated, the reaction orders with respect to styrene 
concentration were estimated to be 0.0, 0.1 and 0.0 for Ir/SiO2, Ni/SiO2 and Ni-Ir/SiO2-1, respectively, 
while the reaction orders with respect to H2 pressure were estimated to be 0.4, 1.0 and 1.0 for Ir/SiO2, 
Ni/SiO2 and Ni-Ir/SiO2-1, respectively, indicating that the rate-determining step was the second half 
hydrogenation step for Ni-Ir/SiO2-1. The apparent activation energies (Ea) were estimated with 
Ni-Ir/SiO2-1, Ir/SiO2 and Ni/SiO2 catalysts to be 21, 40 and 41 kJ/mol, respectively, suggesting that the 
reaction mechanism at the second half hydrogenation step as the rate-determining step over Ni-Ir/SiO2-1 
was different from that of Ni/SiO2 catalyst in spite of the same reaction order with respect to H2 pressure. 
Based on above results, the rate-determining step for Ni-Ir/SiO2-1 is hydrogenation of the 
half-hydrogenated styrene adspecies on Ir metals by H atom on Ir metals, and it requires Ir-Ir pair sites 
and is facilitated by the electron transfers from Ni to Ir on Ni-Ir alloys. Therefore, small amount of Ni 
metals, just formation of single Ni atom in Ni-Ir alloys, is preferable for hydrogenation of styrene.   
[Chapter 4: Hydrogenation of pyridines and other various substrates over nickel–iridium alloy catalyst] In 
addition to olefin hydrogenation, the catalytic application in pyridine hydrogenation and hydrogenation of 
carbonyl compounds and α, β-unsaturated carbonyl compounds over Ni-Ir alloy catalyst was investigated 
in chapter 4. Ni-Ir/SiO2-1 showed maximum TOFs of 3.8 min-1 at alloy composition of Ni/(Ni+Ir)=0.24 
and Ni was the most effective additive metal to Ir/SiO2 among non-noble metals (Fe, Co, Ni and Cu) for 
pyridine hydrogenation, which was similar to that in styrene hydrogenation in chapter 2 and 3. 
Ni-Ir/SiO2-1 also exhibited much higher activity than monometallic Ir and Ni catalysts for hydrogenation 
of 2-methylpyridine and pyrazine. However, Ni-Ir/SiO2-1 cannot be directly reused without pretreatment 
because of strong adsorption of substrates in pyridine hydrogenation. In addition, activity enhancement 
was also observed in the selective hydrogenation of C＝C of crotonaldehyde and benzylideneactone over 
Ni-Ir/SiO2-1 compared with Ir/SiO2 and Ni/SiO2. Furthermore, Ni-Ir/SiO2-1 also exhibited higher activity 
in hydrogenation of butyraldehyde, benzaldehyde, acetophenone, butan-2-one, furfural and furfuryl 
alcohol in comparison with Ir/SiO2 and Ni/SiO2, and Ni-Ir/SiO2-1 showed largest activity enhancement 
(19-times) than monometallic catalysts for pyridine hydrogenation among these substrates. 
[Chapter 5: Conclusion] Single atom alloys (SAAs) often shows unique and superior catalytic 
performance by comparison to their monometallic counterparts. In this study, Ir-alloyed Ni single atom 
catalyst was prepared and exhibited higher activity than that over monometallic Ir and Ni catalysts for 
catalytic hydrogenation reaction. For styrene hydrogenation, the maximum TOFs of 4190 min−1 was 
obtained at alloy composition of Ni/(Ni+Ir)=0.16 and the isolated Ni atom in the Ni–Ir alloy was the main 
active site for the reaction. Furthermore, Ni-Ir/SiO2 was more preferable than other non-noble metal+Ir 
and Ni+noble metal catalysts in terms of activity. The rate-determining step for Ni-Ir/SiO2-1 is the second 
hydrogenation step, that is hydrogenation of the half-hydrogenated styrene adspecies on Ir metals by H 
atom on Ir metals, which was facilitated by the electron transfers from Ni to Ir on Ni-Ir alloys. For 
pyridine hydrogenation, Ni-Ir/SiO2-1 showed maximum TOFs of 3.8 min-1 at alloy composition of 
Ni/(Ni+Ir)=0.24 and Ni is the most effective metal to Ir/SiO2 among non-noble metals (Fe, Co, Ni and 
Cu). In addition, large activity enhancement was also observed for the hydrogenation of carbonyl 
compounds and α, β-unsaturated carbonyl compounds, and Ni-Ir/SiO2-1 showed the largest activity 
enhancement (19-times) than monometallic catalysts for pyridine hydrogenation among these substrates. 
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1.1 Catalytic hydrogenation 
Catalytic hydrogenation reaction is one class of important organic reactions, generally, which 
yielded products and H2O with few side reactions. Catalytic hydrogenation of unsaturated 
compounds with H2 is not only widely employed in petrochemical, coal chemical, fine chemical 
and pharmaceutical industries but also regarded as a model reaction of many catalytic theories 
[1-9]. Hydrotreatments such as hydrodesulfurization [3] and hydrodenitrogenation [4] are used to 
lower the contents of N and S in fuels, and hydroreforming [10] and hydroisomerization [11] are 
employed to improve the octane value of gasoline in the petrochemical industry. In the coal 
chemical industry, hydrogenation of coal is important techniques to produce natural gas and 
gasoline for coal gasification [7]. In addition, in fine chemicals and pharmaceutical industries, 
the hydrogenation of various functional groups such as −C＝C, −C＝O, −C≡C, −NO2, −C≡N 
and aromatic ring by H2 to their corresponding alkane, alcohols, alkenes, amine and alicyclic 
compound products was employed to produce key intermediates and high value-added products 
[2, 6, 12].  
According to statistics, hydrogenation reaction was included in about 25% chemical 
transformations processes, and therefore catalytic hydrogenation is intensively studied in 
catalysis field. 
Catalyst plays an important role in catalytic hydrogenation reaction. As shown in Figure 1-1, 
two kinds of catalysts, homogenous catalysts and heterogeneous catalysts were investigated for 
hydrogenation reaction. Homogeneous catalysts such us LiAlH4, Sodium borohydride and 
Borane-morpholine complex showed relative high selectivity at low reaction temperature 
because of reactants and catalysts in one phase [13], however, it is hard to separate catalyst and 
product and reuse for reaction [5, 14]. Heterogeneous catalysts are more preferable than 
homogeneous catalysts in industrial processes because of the easy separation of catalysts from 
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the products and catalysts recyclability, however, it is difficult to design precisely and prepare, 
and reaction was carried out at relatively high temperature and atomic efficiency was relatively 
low for construction of heterogeneous catalysts. In order to attain more economic and 


















Figure 1-1 Langmuir–Hinshelwood mechanism of heterogeneous and homogeneous catalysts 
 
1.1.1 Olefin hydrogenation  
The hydrogenation of the olefin group is an important organic transformation leading to the 
corresponding saturated organic hydrocarbons, alcohol, aldehydes, acids, ether and other fine 
chemical products including oxygen-containing compounds and nitrogen-containing compounds, 
which are widely applied in synthetic and pharmaceutical chemistry. Since the first report of 
Sabatier on hydrogenation of olefin over Ni, efforts made by many chemists have resulted in a 
series of studies in the last two decades, for example, Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt and their 
complex catalysts had been employed in the hydrogenation of C=C double bond and reported 
effective catalysts for hydrogenation of olefin were shown in Table 1-1 [15-27]. Farrusseng 
group prepared a set of SiO2 supported single metal catalyst (M/SiO2) and compared the catalytic 
activity of different metals in styrene hydrogenation, and they found that Pd was the most 
effective metal for this reaction among M/SiO2 catalysts and the activity decreased as follows: 
Pd > Rh > Ru, Pt, Ir > Ni > Co > Cu [15]. Noble metal catalysts (Pd, Rh, Pt, Ir, Ru) showed good 
catalytic performance for this reaction, however, their extensive use is limited by their global 
reserve scarcity and high price. One solution is to improve the atom efficiency of noble metals 
by addition of a cheap second metal, so bimetallic catalyst was investigated, especially alloy 
catalysts showed better catalytic performance than monometallic catalysts [16-23]. In general, 
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olefin hydrogenation obeyed to Horiuti-Polanyi mechanism, for example, as shown in scheme 
1-1, ethylene hydrogenation on platinum proceeded by the adsorption of olefin, dissociation of 
H2, the first hydrogenation and second hydrogenation and desorption of product [28, 29]. 
 




























0.5 wt%Pt/SiO2 — styrene heptane 3.5 313 — — >99.9 — 54000 [15] 
0.1 wt%Pd/SiO2 — styrene heptane 3.5 313 — — >99.9 — 914400 [15] 
0.5 wt%Ir/SiO2 — styrene heptane 3.5 313 — — 97 — 72000  [15] 
5 wt%Ni/SiO2 — styrene heptane 3.5 313 — — >99.9 — 10800  [15] 
0.5 wt%Ru/SiO2 — styrene heptane 3.5 313 — — 97 — 57600  [15] 
0.1 wt%Rh/SiO2 — styrene heptane 3.5 313 — — >99.9 — 90000  [15] 
PdsNC/PN-CeO2 — styrene neat 1.0 303 — — >99.9 — 103230* [16] 
PdSNP/PN-CeO2 — styrene neat 1.0 303 — — >99.9 — 34200* [16] 
PdLNP/PN-CeO2 — styrene neat 1.0 303 — — >99.9 — 36380* [16] 
Pd1/TiO2 — styrene neat 0.1 303 1 >99.9 >99.9 — 8970 [17] 
BT-CF-Au9@Pd3 — styrene methanol 1 298 — — — 3680 36830 [18] 
BT-CF-Au — cyclohexene methanol 1 298 — — — 0 0 [18] 
BT-CF-Pd — cyclohexene methanol 1 298 1.5 >99.9 >99.9 4200 14010 [18] 
BT-CF-Au9@Pd3 — cyclohexene methanol 1 298 0.7 >99.9 >99.9 2400 24000 [18] 
BT-CF-Au1@Pd1 — cyclohexene methanol 1 298 1.5 >99.9 >99.9 2140 30630 [18] 
BT-CF-Au9@Pd1 — cyclohexene methanol 1 298 1.0 >99.9 >99.9 1660 15740 [18] 
R5-templated Pd100 — allyl alcohol water 0.05 R.T — — — 2940 7940 [19] 
R5-templated Pt100 — allyl alcohol water 0.05 R.T — — — 830 1250 [19] 
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R5-templated Pd83Pt17 — allyl alcohol water 0.05 R.T — — — 5460 15600 [19] 
R5-templated Pd67Pt33 — allyl alcohol water 0.05 R.T — — — 3670 14120 [19] 
R5-templated Pd50Pt50 — allyl alcohol water 0.05 R.T — — — 3320 11260 [19] 
R5-templated Pd33Pt67 — allyl alcohol water 0.05 R.T — — — 2190 7300 [19] 
R5-templated Pd25Pt75 — allyl alcohol water 0.05 R.T — — — 1680 5410 [19] 
25wt%Ni-CeO2-x/3wt%Pd — styrene ethanol 0.1 298 0.3 53 >99.9 340 — [20] 
49wt%Ni-CeO2-x/3wt%Pd — styrene ethanol 0.1 298 0.3 68 >99.9 200 — [20] 
61wt%Ni-CeO2-x/3wt%Pd — styrene ethanol 0.1 298 0.3 89 >99.9 190 660 [20] 
68wt%Ni-CeO2-x/3wt%Pd — styrene ethanol 0.1 298 0.3 73 >99.9 120 — [20] 
73wt%Ni-CeO2-x/3wt%Pd — styrene ethanol 0.1 298 0.3 65 >99.9 901 — [20] 
CeO2-x/3wt%Pd — styrene ethanol 0.1 298 0.3 40 >99.9 3070 — [20] 
Ni/3wt%Pd — styrene ethanol 0.1 298 0.7 0 0 0 0 [20] 
61wt%/Ni-CeO2-x — styrene ethanol 0.1 298 0.7 0 0 0 0 [20] 
Rh60@TPP-DPA — styrene methanol 0.1 R.T — — — 170 10380 [21] 
Rh32Fe28@TPP-DPA — styrene methanol 0.1 R.T — — — 510 30600 [21] 
Fe0 — styrene mesitylene 0.3 R.T 24 >99 >99 0.8 — [22] 
Ru0 — styrene mesitylene 0.3 R.T 24 >99 0 0 — [22] 
FeRu (1:1) — styrene mesitylene 0.3 R.T 24 >99 75 0.6 0.9 [22] 
FeRu (1:0.5) — styrene mesitylene 0.3 R.T 24 >99 90 0.72 1.2 [22] 
FeRu (1:0.2) — styrene mesitylene 0.3 R.T 24 >99 95 0.77 — [22] 
FeRu (1:0.1) — styrene mesitylene 0.3 R.T 24 >99 91 0.74 1.0 [22] 
Pt — styrene toluene 2 353 2 63 >98 1790 — [23] 
NiClPt — styrene toluene 2 353 2 64 >98 260 — [23] 
NiNPt — styrene toluene 2 353 2 65 >98 264 — [23] 
PtNiCl — styrene toluene 2 353 2 78 >98 317 — [23] 
PtNiN — styrene toluene 2 353 2 89 >98 333 — [23] 





Scheme 1-1 Horiuti-Polanyi mechanism for ethylene hydrogenation on platinum Reprinted from Ref. 
[29] with permission from American Chemical Society. 
 
1.1.2 Pyridine hydrogenation  
Piperidines are crucial building blocks and intermediates in the synthesis of both natural 
Pt3Co concave 0.33 (Co/Pt) styrene neat 0.1 298 0.7 32 >99.9 25 — [24] 
Pt concave — styrene neat 0.1 298 0.7 50 >99.9 15 — [24] 
Pd-Pt CNT 0.91 (Pt/Pd) styrene ethanol 0.1 298 0.5 99 — 198 1680 [25] 
Pd-Pt CNT 0.91 (Pt/Pd)  ethanol 0.1 298 1.5 98 — 65 550 [25] 
Pd-Pt CNT 0.91 (Pt/Pd) 
 
ethanol 0.1 298 2 94 — 47 400 [25] 
Pd-Pt CNT 0.91 (Pt/Pd) 
OH
 ethanol 0.1 298 2 99 — 50 420 [25] 
Pd-Pt CNT 0.91 (Pt/Pd) 
 
ethanol 0.1 298 20 96 — 10 85 [25] 
Pd-Pt CNT 0.91 (Pt/Pd)  ethanol 0.1 298 1 99 — 99 840 [25] 
Rh0.67Ni0.33 0.37 (Ni/Rh) cyclohexane ethyl acetate 0.1 298 1 >99 >99 3250 25560 [26] 
Rh0.67Ni0.33 0.37 (Ni/Rh) styrene ethyl acetate 0.1 298 0.25 >99 >99 13010 102240 [26] 
Rh0.67Ni0.33 0.37 (Ni/Rh) styrene ethyl acetate 4 298 1 >99 91.8 2990 23460 [26] 
Pt — styrene THF 0.1 298 2 66 97 16 13 [27] 
Pt3Ni 0.39 (Ni/Pt) styrene THF 0.1 298 2 86 >99 22 220 [27] 
PtNi 1.13 (Ni/Pt) styrene THF 0.1 298 2 98 >99 24 240 [27] 
PtNi2 1.50 (Ni/Pt) styrene THF 0.1 298 2 >99 >99 25 250 [27] 
PtNi3 2.33 (Ni/Pt) styrene THF 0.1 298 2 97 >99 25 260 [27] 
PtNi10 5.67 (Ni/Pt) styrene THF 0.1 298 2 54 93 13 140 [27] 
Ni — styrene THF 0.1 298 2 <1 N.D N.D N.D [27] 
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products and pharmaceuticals [30-34] (Figure 1-2). A series of methods such as heterocycle 
construction, ring expansions, rearrangements and cycloaddition have been developed to prepare 
the piperidines [35-38]. However, the direct hydrogenations of pyridines into the corresponding 
piperidines are more preferable in terms of the efficiency, atom economy and step [39-46]. Since 
Adams group firstly systematically investigated the catalytic performance of pyridine 
hydrogenation over PtO2 catalyst in 1928 [47], much effort has been devoted to investigate the 
performance over a series of catalysts. For example, Ni based catalysts such as Raney Ni [48, 49], 
Ni/Al2O3 [50] and Ni-W/Al2O3 [51] showed good activity for pyridine hydrogenation. Noble 
metal catalysts including Ir [52], Pt [53], Pd [54], Rh [55, 56] and Ru [57] exhibited superior 
catalytic performance for pyridine hydrogenation and reported effective catalysts for 
hydrogenation of pyridine and pyridine derivatives were shown in Table 1-2. Recently, Beller 
group synthetized nitrogen-modified titania-supported cobalt catalyst by impregnation of titania 
with a solution of cobalt acetate/melamine and subsequent pyrolysis and applied it in 
hydrogenation of pyridines. The optimized catalyst, Co/Melamine-6@TiO2-800-5, which 
displayed good activity and selectivity for pyridine hydrogenation in water solvent and can be 
reused for 5 times without loss of activity [58].  
 
 
Figure 1-2 Selected piperidine containing natural products and pharmaceutical agents. Reprinted 
from Ref. [59] with permission from Elsevier. 
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Table 1-2 Reported effective catalysts for hydrogenation of pyridine and pyridine derivatives 
 
















Ir NPs Quinoline [BMIM]PF6 3 323 10 94.4 >99.9 7.9 85.7 [52] 
Ir/C Quinoline [BMIM]PF6 3 323 10 18.8 >99.9 1.6 — [52] 
Pt nanocatalyst Quinoline 
1-pentanol 4 mL, 
water 4 mL 
3 353 3 48 >99.9 160 300 [53] 
Pt nanocatalyst Quinoline 
1-pentanol 4 mL, 
water 4 mL 
3 403 3 99 >99.9 330 619 [53] 
Pd/C Quinoline Methanol 0.1 353 4 83 >99.9 — — [54] 
Pd@CIL-900 Quinoline Methanol 0.1 353 4 98 >99.9 — 179 [54] 
Rh/MgO Pyridine Neat 1 423 — — >99.9 — 44600 [55] 
Rh/MgO Quinoline Neat 4 423 — — >99.9 — 18500 [55] 
Rh/MgO Isoquinoline Neat 4 423 — — >99.9 — 4900 [55] 
Rh0.2 Pyridine Neat 2 303 2 100 >99.9 — 305 [56] 
Rh0.2 2-methylpyridine Neat 2 303 2 100 >99.9 — 238 [56] 
Rh0.2 Quinoline Neat 2 303 2 100 75 — 238 [56] 
Rh0.2 Quinoline Neat 2 333 0.5 100 75 — 496 [56] 
Ru/PVPy Pyridine THF 1 393 — — >99.9 — 12 [57] 
Ru/PVPy Pyridine THF 5 423 — — >99.9 — 101 [57] 
Ru/PVPy Quinoline THF 1 393 — — 99 — 19 [57] 
Ru/PVPy Quinoline THF 5 423 — — 29 — 171 [57] 
Nickel Nanoparticles Quinoline Ethanol 3 348 10 99.9 99.1 11.5 28.8 [48] 
Raney Ni Quinoline Ethanol 3 348 10 83.3 90.0 6.0 — [48] 
Co/Melamine-6@TiO2-800-5 Pyridine Methanol 6 433 36 99 >99.9 — — [58] 
Co/Melamine-6@TiO2-800-5 Pyridine Water 6 433 36 85 >99.9 — — [58] 
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1.1.3 Hydrogenation of carbonyl compounds   
Catalytic hydrogenation of carbonyl compounds is widely employed in organic synthesis [60]. 
In addition, the selective hydrogenation of α, β-unsaturated carbonyl compounds is widely used 
in pharmaceuticals, perfumes, and flavors [61, 62]. Generally, hydrogenation of α,β-unsaturated 
carbonyl compounds can occur either at the C=C double bond or C=O double bond, and 
hydrogenation of C=C bonds is more facile than that of C=O bonds thermodynamically and 
kinetically [63-67]. Traditionally, palladium catalysts demonstrate good hydrogenation 
selectivity to the C=C double bond [68-71]. Furthermore, Rh [72, 73], Pt [73-75], Ni [72, 73, 76], 
Ir [63-65, 73], and Co [73-75] based catalysts have also been reported to show good activity and 
selectivity for hydrogenation of α,β-unsaturated carbonyl compounds. Despite the previously 
mentioned works, there are still various challenges to be met for the design of catalysts 
employed in selective hydrogenation of C=C or C=O double bond, such as low yield or low 
selectivity, the harsh reaction conditions, mechanism of reaction and so on.  
 
1.2 Strategy for construction of effective heterogeneous catalysts 
Much effort has been devoted to construct effective heterogeneous catalysts by adjusting 
geometric and electronic structure of the surface, such as formation of alloys [77, 78], 
intermetallic compounds [79-81] or core-shell structures [82, 83], control of shapes [84, 85], 
modification of a main metal with metal oxides [86, 87], metal salts [88, 89] or organic 
compounds [90, 91] and so on. Among these approaches, bimetallic alloy formation is a 
powerful tool for fine tuning of activity and selectivity, and single atom alloys (SAAs) are 
promising due to the comparatively well-defined active sites as well as assisted effect of the 
mother metals, which often shows unique and superior catalytic activity to their monometallic 
counterparts [92-95].   
 
1.3 Single-atom alloys and their catalytic application 
Recently, single-atom alloys (SAAs), which can be prepared by doping one atom into another 
metal’s nanocrystals or atomically dispersing one metal into another metal’s nanocrystals [96] 
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have attracted much attention in hydrogenation reactions, dehydrogenation reaction and 
oxidation reaction because of the unique catalytic performance due to the geometric and 
electronic structures [97]. 
 
1.3.1 Concept of single atom alloys 
Sykes group first proposed the definition of single atom alloys based on Pd single atom alloys, 
they think that if one more active metal (M2) was dispersed on the surface of host metal (M1) 
atomically and completely surrounded by the host metal without dimers or trimers in alloy, this 





Scheme 1-2 Image of single atoms alloys 
 
1.3.2 Application of single atom alloys with noble metals 
Single-atom alloys with noble metals, especially single-Pd atom [95, 98-107], -Pt atom 
[108-114] and -Au atom [115] alloys, showed unique catalytic activity for hydrogenation, 
dehydrogenation and oxidation reactions.  
 
Hydrogenation reaction 
Sykes group applied the Pd single alloy Cu catalyst in hydrogenation reaction and found that 
the Pd1Cu was very special in dissociation of H2 [98]. As shown in Scheme 1-2, H2 dissociation 
easily occurred on Pd (111) (activation energy Ea ≈ 0 eV), however, the binding energy of Ha on 
Pd (111) (0.6 eV) was strong. Conversely, dissociation of H2 on Cu (111) is difficult because of a 
rather large activation barrier of 0.4 eV, and the binding energy of Ha on Cu (111) is much 
weaker than that on Pd (111). Nevertheless, Pd single alloy Cu catalyst decreased the energy 
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barrier (0.02 eV) of H2 dissociation compared to pure Cu surface and weakened the binding 
energy (0.35 eV) compared with Pd, so it can easily activate H2 dissociation and surface 
absorbed H species was more facile to be desorbed. In addition, Pd single alloy Cu catalyst 




Scheme 1-3 Potential energy diagram depicting the mode of action of a Pd SAA surface compared 
with those of pure Cu (111) and Pd (111). Reprinted from Ref. [98] with permission from Science. 
 
Furthermore, Zhang group prepared the Cu alloyed Pd single-atom catalyst and applied it in 
acetylene hydrogenation [105]. As shown in Figure 1-3, they found that the selectivity to 
ethylene increased to ∼85% with decreasing Pd/Cu atomic ratios from 0.025 to 0.006. EXAFS 
showed that only Pd0.006Cu/SiO2 was single Pd atoms alloys, and the other alloy was not singe 
atom alloy catalyst because of the existence of Pd-Pd bond. In order to investigate the reason of 
high selectivity, the differential heat of C2H4 adsorption and H2 adsorption were examined. 
Compared with the reported results, they found only weak π bond ethylene occurred on Pd over 
Pd0.006Cu/SiO2 catalyst. And hydrogen adsorption displayed that adsorption heat of H2 over the 
CuPd0.006/SiO2 was moderate, the activation and desorption of H2 was more facile on 
CuPd0.006/SiO2, they proposed the reaction mechanism as follows: (a) H2 dissociated on isolated 
Pd atoms and spilled over to Cu surface. (b) Acetylene was hydrogenated to ethylene on single 
Chapter 1 
 11 
atom Pd surface. (c) The weakly π-bonded ethylene desorbed from the surface of Pd. Further 
DFT calculation also showed that the adsorption of C=C was weakened by single Pd, and the 
highest electron density of Pd atoms was obtained for CuPd0.006/SiO2 among these catalysts, 




Figure 1-3 The relationship between acetylene conversion and ethylene selectivity and Pd/Cu 
atomic ratio. Reprinted from Ref. [105] with permission from American Chemical Society. 
 
Dehydrogenation reaction 
Flytzani-Stephanopoulos group reported that PtCu SAAs exhibited higher activity, selectivity 
and stability than monometallic Cu catalyst in the water co-catalyzed dehydrogenation reaction 
of methanol to formaldehyde and hydrogen [108]. Sykes group found that single PtCu alloy 
displayed 6-times higher yield than monometallic Cu for selective formic acid dehydrogenation 




Tsukuda et al. immobilized Pt1Au24 nanocluster on TiO2 support and investigated their 
catalytic performance in selective oxidation reaction of styrene to benzaldehyde with PhI(OAc)2 
[104]. The Pt single atom improved both conversion of styrene and the selectivity to 
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benzaldehyde. In addition, Jin et al. found that Pt1Au24(SR)18/TiO2 displayed much higher 
styrene conversion and selectivity to benzaldehyde than Au25(SR)18/TiO2 in styrene oxidation 
[117].  
 
1.3.3 Application of single atom alloys with non-noble metals 
Base metals such as Ni, Cu, Co and Fe are cheap and abundant in the earth crust, and 
particularly Ni metal has good catalyst activity for catalytic reactions in comparison with other 
non-noble transition metals such as Cu, Co and Fe [15, 118-120]. However, there are a few 
reports on single-atom alloys with non-noble metals such as Ni, Cu, Co and Fe [121-124].  
 
Dehydrogenation reaction 
M. Flytzani-Stephanopoulos group found that single-Ni atom alloy surrounded by Cu metals, 
NiCu [121, 122]  and single Ni atom alloy surrounded by Au, NiAu [123] showed significantly 
enhanced catalytic performance compared to their monometallic counterparts in the selective 
non-oxidative dehydrogenation reaction of ethanol to acetaldehyde. For example, as shown in 
Figure 1-4, single-atom alloys with Ni showed almost 100% selectivity to acetaldehyde over 
 
 
Figure 1-4 Temperature-programmed surface reaction of ethanol on (a) silica supported Ni0.001Cu 
NPs, (b) silica supported Ni0.01Cu NPs, and (c) silica supported Ni0.03Cu NPs. Reaction conditions: 
100 mg catalyst, 6% ethanol balanced in He, He flow rate 10 mL/min. Reprinted from Ref. [121] with 
permission from Elsevier.  
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Ni0.01Cu and Ni0.03Cu. However, formation of CO was observed over Ni0.03Cu NPs, which can be 
attributed to the fact that high Ni concentrations in alloy will lead to the decomposition of 
ethanol because of the presence of Ni ensembles, and single Ni atom alloy also showed better 
stability than Cu. 
 
Hydroboration reaction 
Very recently, Shimizu group reported that Al2O3-supported single Ni atom alloys surrounded 
by Cu metals (Cu5Ni/Al2O3) exhibited outstanding catalytic performance in the hydroboration of 
styrene [124]. Undesired hydrogenation and isomerization reactions were inhibited by the 
isolated Ni and they can occur on Ni−Ni ensembles in alloy with high Ni/Cu alloy ratio, and 
DFT calculation showed that the olefin adsorption is strengthened by the introduction of the 
isolated Ni. 
 
1.4 Ni-Ir alloy  
On the other hand, Ir-based catalysts had proven to be potential candidates in academic 
research and industrial application for hydrogenation among noble metals (Ir, Pt, Pd, Rh and Ru) 
catalysts [125-127]. In Tomishige group, Ir-based Ir-MOx/SiO2 [64], Fe cation modified Ir/MgO 
[88] and Ir-Pd/SiO2 catalysts [128] had been reported for the hydrogenation reaction with better 
catalyst performances than those over Ir alone. As shown in Table 1-3, Ni-Ir alloy had been 
reported to show superior catalytic performance to monometallic Ir and/or Ni catalysts for H2 
generation [129-131], electrochemical reaction [132-134], steam reforming [135] and 
hydrogenation reaction [136, 137]. However, the most of the reported Ni-Ir alloy catalysts were 








Table 1-3 Reported Ni-Ir alloy catalysts 
Catalyst 
Alloy composition of  
Ni/(Ir + Ni) /% 




NiIr0.059/Al2O3 94.4 3 H2 generation [129] 
Ni0.95Ir0.05 95 5 H2 generation [130] 
Ni85Ir15@MIL-101 85 1.9 H2 generation [131] 
IrNi/C–NH3-500 33 3 Electrochemical reaction [132] 
IrNi/C 56 6 Electrochemical reaction [133] 
IrNi@Ir 36 4.7 Electrochemical reaction [134] 
2.5%Ir15%Ni/MgAl2O4 — 5.9 Steam reforming [135] 
11wt%Ni-0.2wt%Ir/TiO2 — 10.1 Hydrogenation reaction [136] 
Ir-Ni/Al2O3 50 3.4 Hydrogenation reaction [137] 
 
1.4.1 H2 generation 
Xu group found that bimetallic Ni0.95Ir0.05 alloy (alloy Ni/(Ir+Ni)=0.95) showed 100% H2 
selectivity in 100% conversion of hydrous hydrazine at room temperature, whereas 
monometallic Ir showed poor H2 selectivity of 7% and no activity was observed for Ni 
nanoparticles [130]. Zhang group reported that NiIr0.059/Al2O3 (alloy Ni/(Ir+Ni)=0.94) catalysts 
displayed 6-times higher reaction rate and higher H2 selectivity of above 99% than Ni/Al2O3, and 
the excellent performance can be ascribed to the formation of alloy [129]. In addition, Cheng 
group found that Ni85Ir15@MIL-101 (alloy Ni/(Ir+Ni)=0.85) displayed higher H2 selectivity of 
100% than that of Ir@MIL-101(7%) and higher activity than that of Ni@MIL-101 (no activity) 
[131]. 
 
1.4.2 Electrochemical reaction 
Wei group prepared IrNi/C catalyst by solvent evaporation plus hydrogen reduction method 
and investigated the relationship between mass activity (current density at specific over potential 
value/ loaded mass of catalyst per geometrical area of electrode) and IrNi alloy parameter for 
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hydrogen oxidation reaction [132], and IrNi/C–NH3-500 (alloy Ni/(Ir+Ni)=0.33) showed 
1.5-times higher activity than Ir/C–NH3-500. They explained that the high activity can be 
ascribed to the synergetic effect of Ir and Ni. Sasaki group prepared carbon-supported IrNi alloy 
nanoparticles and studied their application in hydrogen oxidation reaction, and IrNi/C alloy 
catalyst (alloy Ni/(Ir+Ni)=0.56) exhibited 6-fold higher mass activity than Ir/C catalyst [133]. 
Zhuang group synthesized IrNi@Ir core-shell catalyst (alloy Ni/(Ir+Ni)=0.36) and it showed 2.4 
times higher mass activity than monometallic Ir/C catalyst [134]. 
 
1.4.3 Steam reforming 
Rousseau group found that IrNi alloy catalyst showed better stability than Ni/MgAl2O4 and 
Ir/MgAl2O4 catalysts [135]. Especially, 2.5%Ir15%Ni/MgAl2O4 exhibited the best stability in 
steam reforming of methane and tars. Bimetallic particles composed of Ir and Ni was observed 
by STEM-HAADF and EDS mapping. DFT revealed that small Ir (Ir3–Ir5) on the surface of 
larger Ni-rich particles can obtain electron from Ni, and the enhancement of durability can be 
attributed to electron-rich Ir sites in comparison with monometallic Ni and Ir. 
 
1.4.4 Hydrogenation reaction 
Zhao group prepared Ni–Ir/TiO2 catalysts and applied it to hydrogenation of cinnamaldhyde 
to hydrocinnamaldhyde. As shown in Figure 1-5, they found that Ni–Ir/TiO2 catalyst showed 
4-times and 5-times higher reaction rate (reaction rate was calculated by the moles of 
cinnamaldehyde converted per mol Ni and Ir per hour) than that of monometallic Ni/TiO2 and 
Ir/TiO2, respectively [136]. The large activity enhancement can be ascribed to the fact that Ir 
facilitated the dispersion (particle size of Ni was decreased from 12.7 to 10.1 nm) and reduction 
of Ni based on various characterizations and the produced active H atom on Ir was added into the 
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Figure 1-5 The hydrogenation of cinnamaldehyde over 11wt%Ni/TiO2, 11wt%Ni-0.2wt%Ir/TiO2 and 
0.2wt%Ir/TiO2 
 
In addition, as shown in Figure 1-6, Zhou group synthesized uniform, small-sized IrM 
(M=none, Fe, Co, Ni) bimetallic NPs and test them in p-nitrobenzaldehyde hydrogenation, and 
the IrNi/Al2O3 catalyst showed best catalytic performance [137]. The particle size of IrM alloy 
was larger than that of monometallic Ir, and the activity enhancement cannot be explained by 
particle size. DFT calculation showed that the promoting activity and selectivity can be ascribed 
to the stronger adsorption of reactant and weaker desorption of product. 
 
S. Zhou et al., ACS. Appl. Mater. Interfaces, 2019, 11, 6958.
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Figure 1-6 The hydrogenation of p-nitrobenzaldehyde over Ir-M/Al2O3 
The data in parentheses was (conversion/%, alloy composition of M/(Ir+M)) 
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1.5 Research object and strategies 
Catalytic hydrogenation is widely employed in petrochemical, coal chemical, fine chemical 
and pharmaceutical industries [1-9]. Heterogeneous catalysts are more preferable than 
homogeneous catalysts in industrial processes because of the easy separation of catalysts from 
the products and catalysts recovery, however, it is difficult to precisely design and prepare the 
effective heterogeneous catalyst. Formation of bimetallic alloy catalysts is a solution to address 
the problem, and single atom alloy catalysts are promising because of their special geometric and 
electronic structure of surface, which often shows unique and/or higher catalytic activity than 
their monometallic counterparts. Single-atom alloys with non-noble metals was more suitable 
than single-atom alloys with noble metals for catalytic reactions because of their cheap price and 
abundant reserve. However, there are a few reports on single-atom alloys with non-noble metals 
such as Ni, Cu, Co and Fe [121-124]. Herein, we prepare the Ir-alloyed Ni single atom catalyst 





















































































Scheme 1-4 Catalytic hydrogenation over Ir-alloyed Ni single ato  catalyst 
 
First, Ir-alloyed Ni single atom catalyst was prepared and the relationship between catalytic 
performance and alloy ratio in olefin hydrogenation was investigated. Ir-alloyed Ni single atoms 
catalyst showed higher activity and selectivity than the monometallic Ir/SiO2 and Ni/SiO2. The 
Ni–Ir/SiO2 catalyst has small Ni–Ir alloy and monometallic Ni particles, and the high catalytic 
performance can be ascribed to the isolated Ni atom in the Ni–Ir alloys. 
Then the author scrutinized the scope of bimetallic catalysts composed of non-noble metal 
and noble metals in hydrogenation of styrene as a model reaction. The best catalyst Ni-Ir/SiO2 
was chose and reaction mechanism was investigated using Ni-Ir/SiO2. 
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  Furthermore, the author investigated the catalytic application to other hydrogenation reactions 
over Ni-Ir/SiO2. Ni-Ir/SiO2 showed higher activity in hydrogenation of pyridine and other 
unsaturated compound with C=C double bond and/or C=O double bond compared with 
monometallic Ir/SiO2 and Ni/SiO2.  
 
1.6 Outline of the thesis 
This thesis presents the performance and characterization of nickel-iridium alloy 
nanoparticles for catalytic hydrogenation including hydrogenation of olefin, pyridine and 
carbonyl compounds. 
Chapter 1 is a general introduction of application of catalytic hydrogenation, the problems and 
strategies for construction of effective heterogeneous catalysts, single-atom alloys and their 
catalytic application especially hydrogenation reaction and the application of Ni-Ir alloy catalysts. 
The purpose and strategy are also exhibited therein. 
Chapter 2 presents the performance and characterization of nickel-iridium alloy nanoparticles 
for olefin hydrogenation. The Ni-Ir/SiO2-1 was selected as a candidate catalyst in terms of 
activity and it exhibited higher activity and selectivity than the monometallic Ir/SiO2 and Ni/SiO2 
catalysts. The reusability test exhibited that Ni-Ir/SiO2-1 can be reused four times without of the 
change of conversion and selectivity. Furthermore, Ni–Ir/SiO2-1 is composed of Ni–Ir alloys and 
Ni particles based on various characterizations. In addition, the relationship between TOFs and 
alloy composition was investigated, maximum TOFs of 4200 min
-1 was obtained at alloy 
composition of 0.16 and the isolated Ni atom in the Ni-Ir alloy was the main active site for 
styrene hydrogenation. Substrates scope exhibited that Ir-alloyed Ni single atom was effective 
for hydrogenation of olefins, not aromatics. 
Chapter 3 displays the comparative study of nickel–iridium alloy, non-noble metal+Ir and                  
Ni+noble metal catalysts in styrene hydrogenation and elucidation of reaction mechanism of 
nickel–iridium alloy. In addition to the combination of Ni and Ir shown in chapter 2, combination 
catalysts of Co and Ir and Ni and Pt also displayed higher conversion and selectivity than the 
monometallic counterpart catalysts, however, Ni-Ir alloy catalyst, Ni-Ir/SiO2, is more preferable 
Chapter 1 
 19 
than these catalysts in terms of activity. And SiO2 was the best support for styrene hydrogenation 
among Ni-Ir/support catalysts. Furthermore, based on the spectroscopic studies on the catalysts 
surface and kinetic studies on effect of substrate concentration and H2 pressure, the reaction 
mechanism over Ni-Ir/SiO2-1 was proposed. The rate-determining step is the second 
hydrogenation step, that is hydrogenation of the half-hydrogenated styrene adspecies on Ir metals 
by H atom on Ir metals, which needs Ir-Ir pair sites. The electron transfers from Ni metals to Ir 
metals on Ni-Ir alloys facilitated the step.  
Chapter 4 exhibits the catalytic application in pyridine hydrogenation and hydrogenation of 
carbonyl compounds and α, β-unsaturated carbonyl compounds over Ni-Ir alloy catalyst. The 
relationship between Ni/Ir ratio in alloy and TOFs was investigated. Ni-Ir/SiO2 showed higher 
activity than that over Ir/SiO2 and Ni/SiO2, the introduced Ni/Ir ratio of 1 (alloy composition 
Ni/(Ni+Ir)=0.24) was the optimized ratio and Ni is the most effective metal to Ir/SiO2 in pyridine 
hydrogenation among non-noble metals (Fe, Co, Ni and Cu) for pyridine hydrogenation, which 
was same as that in styrene hydrogenation in chapter 2. Ni-Ir/SiO2-1 also showed much higher 
activity than monometallic Ir and Ni catalyst in hydrogenation of 2-methylpyridine and pyrazine. 
Kinetic results showed that the addition of Ni to Ir/SiO2 changed the reaction order with respect 
to H2 pressure and enhanced the adsorption of pyridine. However, Ni-Ir/SiO2-1 cannot be reused 
because of strong adsorption of substrate in pyridine hydrogenation. Furthermore, large activity 
enhancement was also observed in the hydrogenation of crotonaldehyde, benzylideneactone, 
butyraldehyde, benzaldehyde, acetophenone, butan-2-one, furfural and furfural alcohol over 
Ni-Ir/SiO2-1 compared with Ir/SiO2 and Ni/SiO2.  
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Nickel-iridium alloy as an efficient heterogeneous catalyst for 
hydrogenation of olefins 
Reproduced from Ref "Jia-qi Bai, Masazumi Tamura, Yoshino Nakagawa and Keiichi Tomishige, 
Chem. Commun., 55 (2019) 10519. " with permission from the Royal Society of Chemistry. 
2.1 Introduction 
Enhancement of catalytic activity without loss of selectivity, more preferably with 
improvement of selectivity, is desirable from the industrial and academic viewpoints because 
such catalyst technologies contribute to high economic efficiency and decrease of metal usage. 
Although heterogeneous catalysts are more preferable than homogeneous ones in terms of the 
high durability and reusability, fine control of both activity and selectivity over heterogeneous 
catalysts is generally difficult compared with homogeneous ones, and therefore, development of 
sophisticated designs for heterogeneous catalysts is desirable [1-3]. Tuning the geometry, strain 
and electronic state on the surface of heterogeneous catalysts is main strategies for the purpose, 
and various approaches [1-3] have been attempted. Bimetallic alloy formation is a powerful tool 
for fine tuning of activity and selectivity, and single atom alloys (SAAs) are promising due to the 
comparatively well-defined active sites as well as assisting effect of the mother metals, which 
often exhibits unique and/or superior catalytic performance in comparison with their 
monometallic counterparts [4-7]. Single-atom alloys with noble metals including Pd [8-18], Pt 
[19-23] and Au [24, 25] as main active ones have been reported to show excellent catalytic 
activity for various organic reactions including hydrogenation and oxidation reactions. In 
contrast, single-atom alloys with non-noble metals such as Ni, Cu and Co and Fe were hardly 
reported [26-28] despite of the low cost, large reserve and high catalysis potential [29-33]. 
Ni is one of catalytically active components in industry [34-36], and hence fabrication of 
highly effective Ni-based catalysts has been intensively investigated such as alloys, core-shells, 
and so on. Among various approaches, Ni single-atom alloys have recently attracted much 
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attentions (Scheme 2-1): Carbon supported Ni single atoms have been developed and applied 
mainly to electrochemistry [37-42]. Wang, Li, Zhang and co-workers found that Ni single atom 
on N-doped carbon was efficient for hydrogenation reaction[42]. Metal-alloyed Ni single atoms 
have been also investigated, and Ni-Cu [27, 28]and Ni-Au [26] nanoparticle catalysts were 
reported by Flytzani-Stephanopoulos and co-workers to be effective for dehydrogenation 
reactions. However, there are quite limited examples for Ni single atoms, particularly 
metal-alloyed Ni single atoms. 
We found that Ni and Ir alloy over SiO2 (Ni-Ir/SiO2), which can be prepared by sequential 
impregnation-reduction pre-treatment and control of Ni/Ir composition (Scheme 2-1), was an 








The products were analyzed by GC (Shimadzu GC-2014) and GC-MS (Shimadzu QP-5050) 
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of styrene and hydrogenation of ethylbenzene or with PONA-J capillary column (Restek 
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Industry Co., Ltd., >98%), ethylcyclohexane (Sigma-Aldrich, >99%), methanol (Kanto Chemical 
Co., Inc. >99.8%), n-dodecane (Tokyo Chemical Industry Co., Ltd., >99%), ethanol (Kanto 
Chemical Co., Inc. >99.5%), n-octane (Tokyo Chemical Industry Co., Ltd., >97%), cis-4-octene 
(Tokyo Chemical Industry Co., Ltd., >95%), trans-4-octene (Tokyo Chemical Industry Co., Ltd., 
>99%), trans-3-octene (Tokyo Chemical Industry Co., Ltd., >98%). 
 
2.2.2 Catalyst Preparation 
All the catalysts were prepared by impregnation method. A typical preparation method for 
Ni-Ir/SiO2 is as follows: Firstly, Ir/SiO2 was synthesized by impregnating SiO2 (Fuji Silysia Ltd., 
G-6, calcined at 973 K, 1 h) with H2IrCl6 aqueous solution (Furuya Metals Co., Ltd), then it was 
dried in oven at 373 K overnight after water evaporation. Ni was loaded on the Ir/SiO2 by 
impregnating Ir/SiO2 with Ni(NO3)2 (Wako Pure Chemical Industries, Ltd.) aqueous solution, 
followed by drying in oven at 373 K overnight after water evaporation. Finally, the obtained 
dried Ni-Ir/SiO2 was calcinated at 773 K for 3 h in muffle furnace. Ni/SiO2 was prepared by 
impregnating SiO2 with Ni(NO3)2 aqueous solution in the same method. All catalysts were 
reduced under H2 flow (30 ml/min) at 773, 1073 or 1173 K for 1 h just before use (as described 
below), and obtained catalysts were described as Ni-Ir/SiO2-X (T), where X is the introduced 
Ni/Ir molar ratio and T is the reduction temperature (if not described, T is 773 K).   
 
2.2.3 Typical Procedure for Hydrogenation of Styrene   
Activity tests were conducted in a 190-ml stainless steel autoclave with an inserted glass 
vessel. The standard reaction conditions for hydrogenation of styrene are as follows: reduced 
catalyst (typically 20 mg), spinner and the mixture of styrene (200 mmol) and methanol (30 g) 
were added into the glass vessel in the autoclave under air except for Ni/SiO2. Ni/SiO2 catalyst 
was transferred into the autoclave in glovebox with N2 in order to avoid oxidation of Ni metal 
species by exposing it to air. The air was purged by flushing with H2 (1 MPa, 99.99%, Nippon 
Peroxide Co., Ltd.) three times after sealing the reactor. Then, the autoclave was heated to 303 K 
and H2 pressure was increased to 8 MPa and the stirring speed was fixed at 500 rpm (the mass 
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transfer limitation was ruled out at 500 rpm, as shown in Table 2-1). The reaction temperature 
was monitored by a thermocouple inserted in the autoclave. After the reaction, the reactor was 
cooled to room temperature in water bath. The liquid phase was transferred to a vial and then 
washed by 10 g ethanol. The products were analyzed by GC with TC-WAX. Conversion of the 
styrene and selectivity of products were calculated by GC with n-dodecane (about 0.8 g) as an 
internal standard. TOFs was calculated as follows: TOFs (min
-1) = (Converted substrate 
(mmol))/(surface Ir and Ni metal amount (mmol))/(Time (min)). The surface Ir and Ni metal 
amount was calculated by integration of total metal amount with dispersion determined by H2 
adsorption. The qualitative analysis was conducted by GC-MS with TC-WAX. Reusability test of 
Ni-Ir/SiO2-1 was conducted as follows: the catalyst was recovered from the reaction mixture by 
centrifugation. After washing the catalyst with ethanol (20 g) and drying, the catalyst was 
directly reused for the next reaction under the same reaction conditions as the activity test.   
The amount of isolated Ni amount is calculated on the basis of following assumptions, and the 
equation is shown in eq. 2-1.  
1. All Ir metals are used for alloy formation. 
2. Alloy surface is fcc (111). 
3. Composition of Ni-Ir alloys is based on the results of XRD by using Vegard’s law. 
4. Ni-Ir Alloys are well-mixed ones.  
Amount of isolated Ni amount (mmol g-1) = (Surface Ni in Ni-Ir alloy (mmol g-1)) 
(1-Ni/(Ni+Ir))6                                                         (eq. 2-1) 
(1-Ni/(Ni+Ir)) represents the probability of the absence of Ni species around one Ni site, and 
the superscript 6 after (1-Ni/(Ni+Ir)) represents the number of metal sites around one certain Ni 
site. (surface Ni in Ni-Ir alloy (mmol g-1)) was calculated by assuming that the dispersion is 20% 
in Ni-Ir alloys as shown in eq. 2-2  
Surface Ni in Ni-Ir alloy (mmol g-1) = Ir amount (mmol g-1)  A/(1-A)  0.2      (eq. 2-2) 





Temperature-programmed reduction (TPR) was carried out in a fixed-bed reactor equipped 
with a thermal conductivity detector using 5% H2 diluted with Ar (30 mL/min). The amount of 
catalyst was about 0.05 g (0.1 g for Ni/SiO2 (Ni=1.2wt%)), and the temperature was increased 
from room temperature to 1073 K at a heating rate of 10 K/min.  
X-ray diffraction (XRD) patterns were recorded by a diffractometer (MiniFlex600, Rigaku). 
Cu Kα (λ = 0.154 nm, 45 kV, 40 mA) radiation was used as an X-ray source. In order to 
precisely obtain the position of XRD peaks, the sample was mixed with Si powder for 
measurement and XRD patterns were calibrated with Si (111) of 28.42°. The average metal 
particle size was estimated using Scherrer’s equation. 
Field emission scanning transmission electron microscope (FE-STEM) images and 
energy-dispersive X-ray (EDX) analyses were obtained by a Hitachi spherical aberration 
corrected STEM/SEM HD-2700 instrument operated at 200 kV. After the reduction and 
passivation, the samples were dispersed in ethanol and placed on Cu grids under air atmosphere. 
Average particle size was calculated by ∑nidi3/∑nidi2(di, particle size; ni, number of particles 
with di) and Ni/Ir ratio was obtained based on Cliff Lorimer method. 
The amount of H2 adsorption was measured in a high-vacuum system using a volumetric 
method. The catalyst (∼0.1 g) in the measurement cell was reduced with H2 at 773 K for 1 h and 
evacuated at 773 K for 1 h. After cooling, the adsorption amount of H2 was measured at room 
temperature. Gas pressure at adsorption equilibrium was about 1.1 kPa. The dead volume of the 
apparatus was 42.48 cm3. Htotal was calculated based on the H atom amount of total adsorbed H2 
amount (sum of physical and chemical adsorption).  
The amount of leached metals (Ir and Ni) into the reaction solution was analyzed by 
inductively coupled plasma atomic emission spectroscopy (ICP-AES, Thermo Fisher Scientific 
iCAP 6500). 
The surface area of catalyst was measured with BET method (N2 adsorption) using 
Micromeritics Gemini VII 2390a (Shimadzu corporation). 
X-ray absorption spectroscopy (XAS) was conducted at the BL01B1 station at SPring-8 with 
the approval of the Japan Synchrotron Radiation Research Institute (JASRI; Proposal No. 
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2018B1805). The storage ring was operated at 8 GeV, and a Si (111) single crystal was used to 
obtain a monochromatic X-ray beam. Two ion chambers for I0 and I were filled with 85% 
N2+15% Ar and 50% N2+50% Ar, respectively, for Ir L3-edge measurement. Two ion chambers 
for I0 and I were filled with 100% N2 and 15% N2+85% Ar, respectively, for Ni K-edge 
measurement. The sample after the reduction and reaction were used for measurement. The 
calcinated Ni-Ir/SiO2-1 (152.6 mg) was pressed into self-supporting disk with 10 mm diameter 
and reduced at 773 K for 1 h under H2 for the sample after reduction, and then it was transferred 
to a measurement cell using a glove box filled with N2. The catalytic reaction was conducted in 
the autoclave under the same reaction conditions as the standard reaction conditions for the 
sample after reaction, and, the autoclave was also transferred to glove box and the catalyst was 
transferred to a measurement cell after drying with thickness of 2 mm. The thickness of the cell 
filled with the powder was adjusted to give an edge jump of 0.2−1 for Ir L3-edge and Ni K-edge 
measurement. The EXAFS data was collected by transmission mode for Ir L3-edge and 
fluorescence mode for Ni K-edge. For EXAFS analysis, the oscillation was first extracted from 
the EXAFS data using a spline smoothing method [43]. Fourier transformation of the 
k3-weighted EXAFS oscillation from the k space to the r space was performed to obtain a radial 
distribution function. The inversely Fourier filtered data were analyzed using a usual curve fitting 
method [44, 45]. For curve fitting analysis, the empirical phase shift and amplitude function for 
the Ir−Ir bond and Ni-Ni bond were extracted from the data for Ir powder and Ni foil. 
Theoretical functions for Ir-Ni bond and Ni-Ir bond were calculated by the FEFE8.2 program 
[46]. Analyses of EXAFS and XANES data were performed using a computer program 
(REX2000, ver. 2.6.0; Rigaku Corporation). Error bars for each parameter was estimated by 
stepping each parameter, while optimizing the other parameters, until the residual factor becomes 
2 times than its minimum value [47].     
 
2.3 Results and discussion 
2.3.1 Catalytic activity 
In order to optimize the catalyst performance of Ni-Ir/SiO2, the effect of Ni loading amount 
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was investigated (Figure 2-1 and Table 2-2). The conversion increased as the molar ratio of Ni/Ir 
increased from 0.01 to 1, and the selectivity gradually increased to almost 100%. The conversion 
of 50.0% was obtained at the molar ratio of 1, and it gradually increased with increasing Ni/Ir 
from 2 to 8. The highest conversion of 54.1% was obtained at the molar ratio of 8. However, at 
higher Ni/Ir molar ratio of 16, the conversion decreased (41.6%). Ni-Ir/SiO2 with the Ni/Ir molar 
ratio of 1 was selected in terms of activity and Ni loading amount. 
The activity of Ni-Ir/SiO2-1, Ir/SiO2 and Ni/SiO2 was evaluated in hydrogenation of styrene 
as a model reaction (Figure 2-2 and Table 2-3). Compared with Ir/SiO2 and Ni/SiO2, Ni-Ir/SiO2-1 
showed clearly higher conversion, and the selectivity to ethylbenzene was also high (>99.9%). 
The selectivity over Ni/SiO2 was also high, but that over Ir/SiO2 was lower and gradually 
decreased with reaction time by over-hydrogenation to ethylcyclohexane and partial 
hydrogenated products including mainly 1-ethylcyclohexene. The reaction rate (V /mmol min-1 
g-1 based on total catalyst amount) was determined under the conditions where the conversion 
was below 20%. The V over Ni-Ir/SiO2-1 was estimated to be 160 mmol min
-1 g-1, which was 
more than 7 times higher than those over the other catalysts (Ir/SiO2: 22 mmol min
-1 g-1, Ni/SiO2: 
20 mmol min-1 g-1).  
Hydrogenation of various substrates such as 1-octene, 2-octene (trans/cis=0.24), ethylbenzene 
was studied with Ni-Ir/SiO2-1, Ni/SiO2 and Ir/SiO2 (Figure 2-3 and Table 2-3). In hydrogenation 
of 1-octene, an external olefin, the activity over Ni-Ir/SiO2-1 is similar to that in the case of 
hydrogenation of styrene, and it was more than 10-fold higher than those over Ni/SiO2 and 
Ir/SiO2 (Figure 2-3B). The TOFs over Ni-Ir/SiO2-1 in hydrogenation of 2-octene, an inner olefin 
(Figure 2-3C), was two order of magnitude lower than that in the cases of the external olefins, 
which will be due to the steric effect around the olefin moiety. The activity was much higher than 
that over Ni/SiO2 and Ir/SiO2, however the tendency is similar to those of external olefins 
(Figure 2-3A and B). In contrast, in hydrogenation of ethylbenzene, an aromatic compound, 
activity tendency was changed (Figure 2-3D). The TOFs of Ni/SiO2 was also lower than the other 
catalysts, however, Ir/SiO2 showed about two times higher TOFs than Ni-Ir/SiO2-1. The high 
activity to hydrogenation of aromatic ring over Ir/SiO2 is related to the low selectivity in 
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hydrogenation of styrene. Therefore, Ir-alloyed Ni single atom was effective for hydrogenation 
of olefins, not aromatics. 
 
2.3.2 Catalyst characterization 
At first, we prepared various SiO2-supported Ni-Ir catalysts by sequential impregnation 
method of Ir and Ni species and reduction (Scheme 2-1). The Ni/Ir alloy composition was 
controlled by changing the Ni loading amount and reduction temperatures. The prepared 
catalysts are described as Ni-Ir/SiO2-X(T), where X is the introduced Ni/Ir molar ratio and T is 
the reduction temperature (if not described, T is 773 K). The Ni/Ir alloy composition was 
determined by XRD analyses based on Vegard's law, and the summary of the Ni/Ir alloy 
composition and particle size is shown in Table 2-4. 
The Ni-Ir/SiO2 catalysts were characterized by TPR, XRD, TEM and XAFS. TPR analyses of 
Ni-Ir/SiO2 catalysts showed signals due to H2 consumption below 773 K (Figure 2-4), while 
Ni/SiO2 showed a broad signal at higher temperature (600-900 K), indicating that reduction of 
Ni species was facilitated by the presence of Ir species. Based on H2 consumption amount 
calculated from the signals below 773 K (typical reduction temperature), Ir and Ni species on 
SiO2 were reduced to the metallic state (Table 2-5).  
From XRD patterns (Figures 2-5A and B), Ni-Ir/SiO2 catalysts with Ni/Ir molar ratio of 0-0.5 
showed one signal between 38o and 43o, and Ni-Ir/SiO2-1 with different reduction temperatures 
(773-1173 K) showed a similar main signal with a signal around 44o, which can be assigned to 
Ni metal (44.45o, JCPDF 06-0598). From the signals of Ni metal over Ni-Ir/SiO2-1 catalysts, the 
particle size of the Ni metal was calculated to be ∼30 nm. On the other hand, the intensity of the 
main signal in Ni-Ir/SiO2-1 catalysts increased with increasing the reduction temperature. With 
increasing the Ni loading amount, the peak of the main signal was shifted to higher angle from Ir 
metal signal (40.65o JCPDF 04-0850) (Figure 2-5B) and it was further shifted to higher angle 
with increasing the reduction temperature. These results suggest the alloy formation of Ir and Ni. 
The lattice spacing calculated from XRD patterns is plotted as a function of Ni/(Ni+Ir) molar 
ratio (Figure 2-6), and the average composition of the formed Ni-Ir alloy was estimated based on 
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Vegard's law (Table 2-4). Ni-Ir/SiO2 catalysts with various compositions of Ni-Ir alloy could be 
prepared, and the alloy composition of Ni/(Ir+Ni) ranges from 0 to 0.39, although the 
Ni-Ir/SiO2-1 catalyst have monometallic Ni metal particles. On the other hand, from the XRD 
patterns of Ni-Ir/SiO2-1 after calcination (Figure 2-7), the signals due to small IrO2 and large 
NiO were observed. These two signals will be related to the formation of small Ni-Ir alloys and 
large Ni metal, respectively. 
The average particle sizes of the Ni-Ir alloys in Ni-Ir/SiO2 was estimated to be 3∼5 nm by 
TEM analyses (Table 2-4, Figures 2-5C, 2-8 and 2-9). In the case of Ni-Ir/SiO2-1 catalysts, large 
particles (Figure 2-9) were also observed in addition to the small particles, and hence two 
different distributions were observed (Figure 2-5C). Considering the results of XRD analyses, 
the small particles can be assigned to Ir-Ni alloy and the large particles can be derived from only 
Ni metals. TEM-EDX analysis of Ni-Ir/SiO2-1 showed that Ir and Ni species in the Ni-Ir alloys 
were well-dispersed and located nearby each other (Figure 2-5C). From the line analysis of the 
alloy particle in Ni-Ir/SiO2-1 (Figure 2-5D), the alloy composition of Ni/(Ir+Ni) was estimated to 
be 0.23, which is in good agreement with the result from Vegard’s law (0.24). From the shape of 
the signals, Ni and Ir metal species dispersed homogeneously. The particle sizes by TEM 
analyses is almost the same as those calculated from XRD patterns by Scherrer equation (Table 
2-4). These results suggest that the formed alloy was well-mixed Ni-Ir one. 
XAS analyses of Ni-Ir/SiO2-0.5, Ni-Ir/SiO2-1, Ni-Ir/SiO2-1(1073 K) and Ni-Ir/SiO2-1(1173 
K) after reduction were carried out (Figures 2-10-2-14, Table 2-6 and 2-7). Ir L3-edge and Ni 
K-edge XANES show that these metals are in the metallic state (Figures 2-10 and 2-11). Ir 
L3-edge EXAFS of the catalysts after reduction showed Ir-Ir and Ir-Ni bonds without Ir-O bonds, 
which suggests that Ir species were in the metallic state (Figure 2-14A and Table 2-6). The 
coordination number (CN) of Ir-Ir and Ir-Ni bonds in Ni-Ir/SiO2-1 were determined to be 8.9 and 
2.4, respectively. From the CNs, the Ni/(Ir+Ni) composition of Ni-Ir alloy was estimated to be 
0.21, which is in good accordance with the results of XRD and TEM analyses. Moreover, the 
Ni/(Ir+Ni) composition in Ni-Ir/SiO2-0.5, Ni-Ir/SiO2-1(1073 K) and Ni-Ir/SiO2-1(1173 K) were 
estimated to be 0.16, 0.28 and 0.36, respectively, which also agreed with those from XRD 
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analyses (Table 2-4, Ni-Ir/SiO2-0.5: 0.16, Ni-Ir/SiO2-1(1073 K): 0.29, Ni-Ir/SiO2-1(1173 K): 
0.39). These results also support that the formed alloy is the well-mixed Ni-Ir ones. The distance 
of Ir-Ni bond was estimated to be ∼0.26 nm, which is similar to that of reported Ir-Ni alloy 
(0.262 nm) [43]. On the other hand, Ni K-edge EXAFS of the catalysts after reduction also show 
Ni-Ni and Ni-Ir bonds without Ni-O bonds, suggesting that Ni species are in the metallic state 
(Figure 2-14B and Table 2-7). The CNs of Ni-Ni and Ni-Ir bonds in Ni-Ir/SiO2-0.5, Ni-Ir/SiO2-1, 
Ni-Ir/SiO2-1(1073 K) and Ni-Ir/SiO2-1(1173 K) were estimated to be 2.0 and 3.9, 5.8 and 2.4, 
5.1 and 3.1, and 5.5 and 4.2, respectively. From the above characterizations, Ni-Ir/SiO2-1 is 
composed of Ni-Ir alloys and Ni particles. The Ni-Ir alloys in the catalyst have the average 
Ni/(Ir+Ni) molar ratio of 0.24, and the particle size is about 3 nm. The alloys are well-mixed 
ones of Ir and Ni metals. Large monometallic Ni particles (∼30 nm) are included on this catalyst. 
 
2.3.3 Catalytic stability 
The reusability of Ni-Ir/SiO2-1 was investigated in Figure 2-15. The conversion and selectivity 
were not changed at least four times. The reaction mixture after filtration of the catalyst was 
measured by ICP, showing that the leached Ir and Ni metal species were below the detected 
levels (<1%). Characterization of the used catalyst by XRD (Figure 2-16), XAS analyses 
(Figures 2-10-2-14 and Tables 2-6-2-7) and BET (Tables 2-8) showed that the catalyst structure 
was not changed. Therefore, Ni-Ir/SiO2-1 was a durable and reusable heterogeneous catalyst. 
 
2.3.4 The relationship between the Ni-Ir alloy composition and catalytic activity 
The effect of the Ni-Ir alloy composition of the Ni-Ir/SiO2 catalysts on the activity was 
investigated in the same reaction. To clarify the active site, turnover frequency (TOFs) was 
estimated on the basis of the surface metal amount determined by H2 adsorption (Tables 2-9 and 
2-10). TOFs was plotted as a function of alloy composition of Ni/(Ni+Ir) (Figure 2-17 and Table 
2-10). The TOFs increased with increasing the alloy composition up to 0.16, reaching maximum 
TOFs of 4190 min
-1. However, the TOFs decreased at higher alloy composition, suggesting that 
high Ni content in the alloy is not preferable for the reaction. The isolated Ni amount in the 
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alloys was calculated by assuming the alloy particle with dispersion of 20% (about 5 nm) and Ni 
introduction at random (details in Typical Procedure for Hydrogenation of Styrene), and is 
plotted also in Figure 2-17. Considering that the formed Ni-Ir alloys are well-mixed ones by 
XAS, TEM and XRD analyses, the alloy images are also depicted in Figure 2-17. The tendency 
of the isolated Ni amount is quite similar to that of the TOFs, particularly below 0.24 of 
Ni/(Ni+Ir) and a good linear relationship between TOFs and isolated Ni amount was obtained 
(Figure 2-18 and Table 2-11), which strongly suggests that the isolated Ni atom in the Ni-Ir alloy 
was the main active site for the reaction. 
 
2.4 Conclusions 
In conclusion, Ir-alloyed Ni single atom could be prepared by the simple method of sequential 
impregnation–reduction pretreatment and control of Ni/Ir composition, and the prepared 
Ni-Ir/SiO2 catalyst showed higher activity to hydrogenation of olefins with high selectivity 
compared with the counterpart metal supported catalysts. The formed Ir-alloyed Ni single atom 
was responsible for the high activity and selectivity. 
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Ethylbenzene Ethylcyclohexane Othersa 
300 38.1 >99.9 <0.1 <0.1 
500 47.8 >99.9 <0.1 <0.1 
700 48.9 >99.9 <0.1 <0.1 
Reaction conditions: Ni-Ir/SiO2-1 20 mg, styrene 200 mmol, methanol 30 g, H2 8 MPa, 303 K, 0.5 h. 
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Table 2-2 Effect of Ni loading amount in Ni-Ir/SiO2 catalysts in hydrogenation of styrene a 
+
 
                    1           2 
Catalyst Conv. /% 
Sel. /% 
1 2 Othersb 
Ir/SiO2 6.5 98.5 1.1 0.4 
Ni-Ir/SiO2-0.03 12.8 99.6 0.3 0.1 
Ni-Ir/SiO2-0.05 19.7 99.9 0.1 <0.1 
Ni-Ir/SiO2-0.1 29.4 >99.9 <0.1 <0.1 
Ni-Ir/SiO2-0.25 33.8 >99.9 <0.1 <0.1 
Ni-Ir/SiO2-0.5 42.7 >99.9 <0.1 <0.1 
Ni-Ir/SiO2-1 48.7 >99.9 <0.1 <0.1 
Ni-Ir/SiO2-2 49.3 >99.9 <0.1 <0.1 
Ni-Ir/SiO2-4 51.0 >99.9 <0.1 <0.1 
Ni-Ir/SiO2-8 54.1 >99.9 <0.1 <0.1 
Ni-Ir/SiO2-16 41.6 >99.9 <0.1 <0.1 
Ni/SiO2  6.0 >99.9 <0.1 <0.1 
a Reaction conditions: catalyst 20 mg, styrene 200 mmol, methanol 30 g, H2 8 MPa, 0.5 h, 303 K. 





Table 2-3 Results of hydrogenation of various substrates over Ni-Ir/SiO2-1, Ni/SiO2 and Ir/SiO2 catalysts  







/ min-1  Ethylbenzene Ethylcyclohexane Othersa 
Ir/SiO2 0 0 - - - 480 
 0.25 3.5 98.5 1.1 0.4  
 0.5 6.5 98.5 1.1 0.4  
 1 13.1 98.2 1.3 0.5  
 2 25.4 97.6 1.6 0.8  
Ni-Ir/SiO2-1 0 0 - - - 4000 
 0.08 7.5 >99.9 <0.1 <0.1  
 0.17 16.1 >99.9 <0.1 <0.1  
 0.25 23.8 >99.9 <0.1 <0.1  
 0.5 47.8 >99.9 <0.1 <0.1  
 1 82.4 >99.9 <0.1 <0.1  
 2 100.0 >99.9 <0.1 <0.1  
Ni/SiO2 0 0 - - - 1030 
 0.25 3.3 >99.9 <0.1 <0.1  
  0.5 6.0 >99.9 <0.1 <0.1  
 1 13.5 >99.9 <0.1 <0.1  
 2 25.0 >99.9 <0.1 <0.1  
  Reaction conditions: catalyst 20 mg, styrene 200 mmol, methanol 30 g, H2 8 MPa, 303 K. 
a Others include 1-ethylcyclohexene and other partial hydrogenation products of styrene hydrogenation. 
 













Ir/SiO2 0 0 - - - 540 
 0.25 3.3 >99.9 <0.1 <0.1  
 0.5 7.2 >99.9 <0.1 <0.1  
Ni-Ir/SiO2-1 0 0 - - - 4100 
 0.08 7.4 97.0 1.8 1.2  
 0.17 17.3 97.2 1.8 1.0  
Ni/SiO2 0 0 - - - 94 
 1 1.2 92.1 5.5 2.4  
 2 2.4 92.0 5.3 2.7  













































































Nickel-iridium alloy as an efficient heterogeneous catalyst for hydrogenation of olefins 
 44 
 







/ min-1  n-Octane 3-Octene+4-Octene 
Ir/SiO2 0 0 - - 5.7 
 0.25 0.7 99.6 0.4  
 0.5 1.5 99.3 0.7  
Ni-Ir/SiO2-1 0 0 - - 38 
 0.25 4.4 98.2 1.8  
 0.5 8.9 98.3 1.7  
Ni/SiO2 0 0 - - 0.1 
 13 0.3 93.1 6.9  
 24 0.5 91.4 8.6  















/ min-1  Ethylcyclohexane 1-Ethylcyclohexene 
Ir/SiO2 0 0 - - 0.31 
 2 0.8 85.0 15.0  
 4 1.5 85.8 14.2  
Ni-Ir/SiO2-1 0 0 - - 0.17 
 2 0.6 60.2 39.8  
 4 1.1 61.5 38.5  
Ni/SiO2 0 0 - -  
 2 <0.1 - -  
 4 <0.1 - -  































































































Table 2-4. Alloy composition and particle sizes of catalysts after reduction 
Catalyst 
(Ir=4 wt%) 
Reduction temp /K 
Alloy composition of  
Ni/(Ir+Ni)b /% 
Particle size of  
Ni-Ir alloy /nm 
TEM XRD 
Ir/SiO2   773 0 (5.1 for Ir) 5.0 
Ni-Ir/SiO2-0.03   773 1 - 4.9 
Ni-Ir/SiO2-0.05   773 2 4.7 4.8 
Ni-Ir/SiO2-0.1   773 5 5.0 4.7 
Ni-Ir/SiO2-0.25   773 8 - 4.7 
Ni-Ir/SiO2-0.5   773 16 3.7 3.8 
Ni-Ir/SiO2-1   773 24 3.5 3.2 
Ni-Ir/SiO2-1(1073 K)a 1073 29 3.7 3.5 
Ni-Ir/SiO2-1(1173 K)a 1173 39 4.0 3.9 
Ni/SiO2 (Ni=1.2 wt%)   773 - (7.1 for Ni) 6.9 
aThe number in the parentheses is catalyst pre-reduction temperature. bDetermined by XRD analyses based on Vegard’s 
law. 
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Ir/SiO2 0 54.6 1.13 0 2.38 1.0 - 1.1 
Ni-Ir/SiO2-0.03 0.03 55.1 1.15 0.04 2.54 1.0 (7.0) 1.1 
Ni-Ir/SiO2-0.05 0.05 55.5 1.15 0.06 2.51 1.0 (3.4) 1.1 
Ni-Ir/SiO2-0.1 0.1 52.8 1.10 0.11 2.43 1.0 (2.1) 1.1 
Ni-Ir/SiO2-0.25 0.25 54.7 1.14 0.29 2.84 1.0 (2.0) 1.1 
Ni-Ir/SiO2-0.5 0.5 53.1 1.13 0.57 2.88 1.0 1.1 1.1 
Ni-Ir/SiO2-1 1 53.4 1.11 1.11 3.60 1.0 1.2 1.1 
Ni/SiO2 (1.2 wt%) - 98.0 0 2.04 2.11 - 1.0 1.0 
The reduction degree of Ir and Ni species was calculated by assuming the following reaction formula: 
IrO2 + 2H2 → Ir + 2H2O, NiO + H2 → Ni + H2O. 
The reduction degree of Ir species was assumed as 1. 
Reduction degree (Ni) = ((H2 consumption (mol)) – (Ir loading amount (mol))2) / (Ni loading amount (mol)) 
Total reduction degree = (H2 consumption (mol)) / ((Ir loading amount (mol))2 + (Ni loading amount (mol)))  
















Table 2-6. Curve fitting results of Ir L3-edge EXAFS of Ni−Ir/SiO2-0.5, Ni−Ir/SiO2-1, Ni−Ir/SiO2-1(1073 K) and 
Ni−Ir/SiO2-1(1173 K) catalysts 
Catalyst Condition Shells CNa R / 10-1 nmb σ / 10-1 nmc ΔE0 / eVd Rf / %e 
Ni-Ir/SiO2-0.5  after reduction 
Ir-Ir 9.6  1.7 2.74  0.01 0.056  0.006 -2.3  2.1 
0.2 
Ir-Ni 1.8  0.5 2.59  0.01 0.065  0.012 8.9  4.7 
Ni-Ir/SiO2-1  after reduction 
Ir-Ir 8.9  0.5 2.73  0.01 0.064  0.003 -3.6  1.2 
0.3 
Ir-Ni 2.4  0.4 2.59  0.01 0.066  0.003 9.9  2.0 
Ni−Ir/SiO2-1  after reaction 
Ir-Ir 8.9  0.7 2.72  0.01 0.064  0.004 -3.8  1.6 
0.4 
Ir-Ni 2.4  0.4 2.59  0.01 0.067  0.010 9.8  2.0 
Ni−Ir/SiO2-1(1073 K) after reduction 
Ir-Ir 8.4  0.6 2.72  0.01 0.064  0.003 -1.1  1.0 
0.2 
Ir-Ni 3.2  0.3 2.60  0.01 0.067  0.007 10.6  1.4 
Ni−Ir/SiO2-1(1173 K) after reduction 
Ir-Ir 7.5  0.4 2.71  0.01 0.066  0.002 -3.9  0.9 
0.1 
Ir-Ni 4.2  0.2 2.58  0.01 0.079  0.003 9.4  0.8 
Ir powder - Ir−Ir 12 2.77 0.06 0 – 
aCoordination number. bBond distance. cDebye-Waller factor. dDifference in the origin of photoelectron energy between 


























Nickel-iridium alloy as an efficient heterogeneous catalyst for hydrogenation of olefins 
 48 
 
Table 2-7. Curve fitting results of Ni K-edge EXAFS of Ni−Ir/SiO2-0.5, Ni−Ir/SiO2-1, Ni−Ir/SiO2-1(1073 K) and 
Ni−Ir/SiO2-1(1173 K) catalysts 
Catalyst Condition Shells CNa R / 10-1 nmb σ / 10-1 nmc ΔE0 / eVd Rf / %e 
Ni-Ir/SiO2-0.5 after reduction 
Ni−Ni 2.0 2.53 0.100 -9.7 
2.5 
Ni−Ir 3.9 2.58 0.083 -10.5 
Ni-Ir/SiO2-1 after reduction 
Ni−Ni 5.8 2.50 0.099 -7.8 
1.6 
Ni−Ir 2.4 2.60 0.071 0.5 
Ni−Ir/SiO2-1 after reaction 
Ni−Ni 5.8 2.52 0.104 -3.2 
1.6 
Ni−Ir 2.4 2.60 0.074 -1.0 
Ni−Ir/SiO2-1(1073 K) after reduction 
Ni−Ni 5.1 2.51 0.095 -8.4 
0.8 
Ni−Ir 3.1 2.60 0.083 -5.2 
Ni−Ir/SiO2-1(1173 K) after reduction 
Ni−Ni 5.5 2.52 0.088 -2.2 
0.3 
Ni−Ir 4.2 2.59 0.085 -0.5 
Ni foil  Ni−Ni 12 2.49 0.06 0 – 
aCoordination number. bBond distance. cDebye-Waller factor. dDifference in the origin of photoelectron energy between 





Table 2-8. BET surface areas of Ni-Ir/SiO2-1 and Ni-Ir/SiO2-1 after reaction 
Catalyst 
BET surface area 
/m2 g-1 
Ni-Ir/SiO2-1 440 
Ni-Ir/SiO2-1 after reactiona 430 
aReaction conditions: Ni-Ir/SiO2-1 20 mg, styrene 200 mmol, methanol 30 g, H2 8 MPa, 303 K, 0.5 h. 
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Ir/SiO2 0.102 0.208 0.0460 22.0 
Ni-Ir/SiO2-0.03 0.106 0.213 0.0383 17.9 
Ni-Ir/SiO2-0.05 0.106 0.219 0.0370 16.9 
Ni-Ir/SiO2-0.1 0.108 0.229 0.0394 17.2 
Ni-Ir/SiO2-0.25 0.110 0.261 0.0313 12.0 
Ni-Ir/SiO2-0.5 0.105 0.311 0.0346 11.0 
Ni-Ir/SiO2-1 0.106 0.415 0.0392 9.5 
Ni-Ir/SiO2-1(1073 K)a 0.114 0.417 0.0398 9.6 
Ni-Ir/SiO2-1(1173 K)a 0.111 0.415 0.0251 6.1 
Ni/SiO2 (Ni=1.2 wt%) 0.104 0.208 0.0200 9.7 































Table 2-10. Time-courses over Ni-Ir/SiO2 catalysts with various Ni loading amounts and reaction rates 
+
 









/ min-1 1 2 Othersb 
Ir/SiO2 22.0 0 0 - - - 480 
  0.25 3.5 98.5 1.1 0.4  
  0.5 6.5 98.5 1.1 0.4  
  1 13.1 98.2 1.3 0.5  
Ni-Ir/SiO2-0.03 17.9 0 0 - - - 1110 
  0.25 6.5 99.5 0.4 0.1  
  0.5 12.8 99.6 0.3 0.1  
Ni-Ir/SiO2-0.05 16.9 0 0 - - - 1750 
  0.08 3.2 99.8 0.2 <0.1  
  0.25 9.1 99.9 0.1 <0.1  
  0.5 19.7 99.9 0.1 <0.1  
Ni-Ir/SiO2-0.1 17.2 0 0 - - - 2450 
  0.08 4.5 >99.9 <0.1 <0.1  
  0.25 13.7 >99.9 <0.1 <0.1  
  0.5 29.4 >99.9 <0.1 <0.1  
Ni-Ir/SiO2-0.25 12.0 0 0 - - - 3660 
  0.08 5.4 >99.9 <0.1 <0.1  
  0.25 18.2 >99.9 <0.1 <0.1  
  0.5 33.8 >99.9 <0.1 <0.1  
Ni-Ir/SiO2-0.5 11.0 0 0 - - - 4190 
  0.08 6.3 99.9 <0.1 <0.1  
  0.25 22.1 99.9 <0.1 <0.1  
Ni-Ir/SiO2-1 9.5 0 0 - - - 4000 
  0.08 7.5 >99.9 <0.1 <0.1  
  0.17 16.1 >99.9 <0.1 <0.1  
  0.25 23.8 >99.9 <0.1 <0.1  
Ni-Ir/SiO2-1 
(1073 K)a 
9.6 0 0 - - - 2680 
  0.08 5.3 >99.9 <0.1 <0.1  
  0.25 16.0 >99.9 <0.1 <0.1  
Ni-Ir/SiO2-1 
(1173 K)a 
6.1 0 0 - - - 1260 
  0.08 5.0 >99.9 <0.1 <0.1  
  0.25 9.5 >99.9 <0.1 <0.1  
Reaction conditions: catalyst 20 mg, styrene 200 mmol, methanol 30 g, H2 8 MPa, 303 K. 
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Table 2-11. Calculated isolated Ni amount and TOFs of various Ni-Ir/SiO2 catalysts. 
Catalyst 
Alloy composition 
of Ni/(Ir+Ni)b /% 




Ir/SiO2 0 0 480 
Ni-Ir/SiO2-0.03 1 0.00040 1110 
Ni-Ir/SiO2-0.05 2 0.00075 1750 
Ni-Ir/SiO2-0.1 5 0.00161 2450 
Ni-Ir/SiO2-0.25 8 0.00219 3660 
Ni-Ir/SiO2-0.5 16 0.00278 4190 
Ni-Ir/SiO2-1 24 0.00253 4000 
Ni-Ir/SiO2-1(1073 K)a 29 0.00218 2680 
Ni-Ir/SiO2-1(1173 K)a 39 0.00137 1260 
Ni/SiO2 (Ni=1.2 wt%) - 0 1030 
aThe number in the parentheses is catalyst pre-reduction temperature. 
bDetermined by XRD analyses based on Vegard’s law. 
 





























             
Figure 2-1 Effect of Ni loading amount in Ni-Ir/SiO2 catalysts in hydrogenation of styrene  
Reaction conditions: catalyst 20 mg, styrene 200 mmol, methanol 30 g, H2 8 MPa, 0.5 h, 303 K. 
Circle is conversion, white bar is selectivity to ethylbenzene, black bar is selectivity to ethylcyclohexane, gray bar is others, 













































































             
 
Figure 2-2 Time-course of hydrogenation of styrene with Ni-Ir/SiO2-1 (, ), Ir/SiO2 (, ) and Ni/SiO2 (, )catalysts. 
(A) Conversion. (B) Selectivity to ethylbenzene  
(A) (B)
Ni-Ir/SiO2-1


































































CH3OH 30 g, 303 K
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Figure 2-4 TPR profiles of various catalysts (Ni-Ir/SiO2 (Ni/Ir=1, 0.5, 0.25, 0.1, 0.05, 0.03), Ir/SiO2 (4wt%) and Ni/SiO2 
(1.2wt%)). 





















Figure 2-5 XRD patterns of various catalysts after reduction (A) and the expanded figure of the dotted area (B). TEM 




































































































































Figure 2-7 XRD patterns of SiO2, Ir/SiO2 after drying (before calcination), Ni-Ir/SiO2-1 after calcination (before reduction), 
and Ni-Ir/SiO2-1. 
  


































Figure 2-8 Figure S4. TEM analyses of Ni-Ir/SiO2 catalysts 
(a) Ir/SiO2, (b) Ni-Ir/SiO2-0.05, (c) Ni-Ir/SiO2-0.1, (d) Ni-Ir/SiO2-0.5, (e) Ni-Ir/SiO2-1, (f) Ni-Ir/SiO2-1 (1073 K), (g) 
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Figure 2-10 Ir L3-edge XANES spectra of Ni-Ir/SiO2-0.5, Ni-Ir/SiO2-1 catalysts and related compounds.  
(a) Ir powder, (b) IrO2, (c) Ni-Ir/SiO2-0.5 after reduction, (d) Ni-Ir/SiO2-1 after reduction, (d') Ni-Ir/SiO2-1 after reaction, (e) 



















































Figure 2-11. Ni K-edge XANES spectra of Ni-Ir/SiO2-0.5, Ni-Ir/SiO2-1 catalysts and related compounds 
(g) Ni foil, (h) NiO, (c) Ni-Ir/SiO2-0.5 after reduction, (d) Ni-Ir/SiO2-1 after reduction, (d') Ni-Ir/SiO2-1 after reaction, (e) 
Ni-Ir/SiO2-1(1073 K) after reduction, (f) Ni-Ir/SiO2-1(1173 K) after reduction. 
 
  
























Figure 2-12 (A) k3-weighted Ir L3-edge EXAFS oscillations. (B) Fourier filtered Ir L3-edge EXAFS data (solid line) and 
calculated data (dotted line). Fourier filtering range: 0.168-0.322 nm. (a) Ir powder, (b) IrO2, (c) Ni-Ir/SiO2-0.5 after 
reduction, (d) Ni-Ir/SiO2-1 after reduction, (d') Ni-Ir/SiO2-1 after reaction, (e) Ni-Ir/SiO2-1(1073 K) after reduction, (f) 






























































Figure 2-13 (A) k3-weighted Ni K-edge EXAFS oscillations. (B) Fourier filtered Ni K-edge EXAFS data (solid line) and 
calculated data (dotted line). Fourier filtering range: 0.15-0.298 nm. (g) Ni foil, (h) NiO, (c) Ni-Ir/SiO2-0.5 after reduction, 
(d) Ni-Ir/SiO2-1 after reduction, (d') Ni-Ir/SiO2-1 after reaction, (e) Ni-Ir/SiO2-1(1073 K) after reduction, (f) Ni-Ir/SiO2-1(1173 































































Figure 2-14 XAS analyses of Ni-Ir/SiO2-0.5, Ni-Ir/SiO2-1, Ni-Ir/SiO2-1(1073 K), Ni-Ir/SiO2-1(1173 K) catalysts and related 
compounds. (A) FT of k3-weighted Ir L3-edge EXAFS, FT range 30-130 nm-1. (a) Ir powder, (b) IrO2, (c) Ni-Ir/SiO2-0.5 after 
reduction, (d) Ni-Ir/SiO2-1 after reduction, (d') Ni-Ir/SiO2-1 after reaction, (e) Ni-Ir/SiO2-1(1073 K) after reduction, (f) 
Ni-Ir/SiO2-1(1173 K) after reduction. (B) FT of k3-weighted Ni K-edge EXAFS, FT range 30-130 nm-1. (c) Ni-Ir/SiO2-0.5 
after reduction, (d) Ni-Ir/SiO2-1 after reduction, (d') Ni-Ir/SiO2-1 after reaction, (e) Ni-Ir/SiO2-1(1073 K) after reduction, (f) 
Ni-Ir/SiO2-1(1173 K) after reduction, (g) Ni foil, (h) NiO. 
  





































Figure 2-15 Reusability test of Ni-Ir/SiO2-1 catalyst in hydrogenation of styrene 
Black bar: conversion. : selectivity to ethylbenzene. 
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Figure 2-17 TOFs (solid line) and ideal isolated Ni atom amount (dotted line) as a function of alloy composition of 
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Comparative study of nickel–iridium alloy, non-noble metal + Ir 
and Ni + noble metal catalysts in styrene hydrogenation and 
elucidation of reaction mechanism of nickel–iridium alloy 
 
3.1 Introduction 
Mechanism is very important to clarify the origin of reaction. Mechanism of olefin 
hydrogenation was first proposed based on hydrogenation of ethylene over Pt surface by Horiuti 
and Polanyi (HP mechanism) [1]. According to this mechanism, olefin hydrogenation is 
composed of three steps: (i) Olefin is adsorbed on Pt surface by di-σ mode and H2 is 
dissociatively adsorbed on Ni on Pt surface. (ii) The first H atom was added to form the 
half-hydrogenated olefin adspecies (first hydrogenation step). (iii) The half-hydrogenated olefin 
adspecies was hydrogenated to alkane and alkane desorbed from Pt surface (Second 
hydrogenation step). Furthermore, the reaction order with respect to H2 and olefin concentration 
was investigated in olefin hydrogenation. In general, reaction order with respect to H2 pressure 
was about 0.5 or 1 [2-6], which indicated that first hydrogenation step or second hydrogenation 
step was rate-determining step. And reaction order with respect to olefin concentration was 
estimated to be 0 or slightly negative [2-4]. 
In chapter 2, we reported the preliminary results that SiO2-supported nickel-iridium alloy 
(Ni-Ir alloy) showed higher activity and selectivity compared with the monometallic counterparts 
in styrene hydrogenation, where the activity was proportional to the amount of the isolated Ni in 
the Ni-Ir alloy, suggesting that the single Ni atom in the Ni–Ir alloys was responsible for the high 
activity. However, the further studies on the catalyst systems composed of non-noble metal and 
noble metal catalysts in hydrogenation of olefins were not investigated. In addition, the reaction 
mechanism of hydrogenation of styrene over Ni-Ir/SiO2 catalyst was not proposed. Herein, this 
chapter focus on scrutinizing the scope of bimetallic catalysts composed of non-noble metal and 
noble metals in hydrogenation of styrene as a model reaction and proposing the reaction 
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mechanism of hydrogenation of styrene over Ni-Ir/SiO2 catalyst based on the kinetic and 




The products were analyzed by GC (Shimadzu GC-2014) and GC-MS (Shimadzu QP-5050) 
with TC-WAX capillary column (GL Sciences Inc., diameter 0.25 mm, 30 m) for hydrogenation 
of styrene. All chemicals were purchased from commercial chemical companies and used 
without further purification. Styrene (FUJIFILM Wako Pure Chemical Corporation, >99%), 
ethylbenzene (FUJIFILM Wako Pure Chemical Corporation, >98%), ethylcyclohexane 
(Sigma-Aldrich, >99%), 4-methoxystyrene (Tokyo Chemical Industry Co., Ltd. >98%), 
4-methylphenylene (Tokyo Chemical Industry Co., Ltd. >96%), 3-methylphenylene (Tokyo 
Chemical Industry Co., Ltd. >97%),  4-tert-Butylstyrene (Alfa Aesar, >94%), 4-Chlorostyrene 
(Tokyo Chemical Industry Co., Ltd. >98%), methanol (Kanto Chemical Co., Inc. >99.8%), 
n-dodecane (Tokyo Chemical Industry Co., Ltd., >99%), ethanol (Kanto Chemical Co., 
Inc. >99.5%). 
 
3.2.2 Catalyst Preparation 
Ni-Ir/SiO2 was prepared by sequential impregnation method. Ir/SiO2 was synthesized by 
impregnating SiO2 (Fuji Silysia Ltd., G-6, calcined at 973 K, 1 h) with H2IrCl6 aqueous solution 
(Furuya Metals Co., Ltd.), and then it was dried in oven at 373 K overnight after removal of 
water by evaporation on a hotplate at 353 K. Ni was loaded on the Ir/SiO2 by impregnating 
Ir/SiO2 with Ni(NO3)2 (Wako Pure Chemical Industries, Ltd.) aqueous solution, followed by 
drying in oven at 373 K overnight after removal of water by evaporation on a hotplate at 353 K. 
Finally, the obtained dried Ni-Ir/SiO2 was calcinated at 773 K for 3 h in muffle furnace. 
Ni-Ir/SiO2 was reduced under H2 flow (30 ml/min) at 773 K for 1 h just before use, and obtained 
catalysts were described as Ni-Ir/SiO2-X (T), where X is the introduced Ni/Ir molar ratio and T is 







’=Pt, Pd, Rh and Ru, M 4 wt%, Ni/M=1) and Ni-Ir/support catalysts 
(support=γ-Al2O3, TiO2 (P25), TiO2 (Anatase), VXC72R, TiO2 (Rutile), ZrO2, CeO2 and MgO) 
were prepared by the same method as described above for the synthesis of Ni-Ir/SiO2, but using 
different precursors and supports. The used precursors and supports are Fe(NO3)3·9H2O (Wako 
Pure Chemical Industries, Ltd.), Co(NO3)2·6H2O (Wako Pure Chemical Industries, Ltd.), 
Cu(NO3)2·3H2O (Wako Pure Chemical Industries, Ltd.), Pt(NH3)4(NO3)2 (Aldrich), Pd(NO3)2 aq 
(Ne. Chemcat. Corporation), RhCl3·3H2O(Wako), Ru(NO)(NO3)3 (Strem Chemicals, Inc), 
γ-Al2O3 (Nippon Aerosil Co. Ltd., Aeroxide Alu C 973 K, 1 h), TiO2 (Nippon Aerosil Co. Ltd., 
Aeroxide TiO2 P25 973 K, 1 h), TiO2 (Anatase) (Wako Pure Chemical Industries, Ltd., 973 K, 1 
h), TiO2 (Rutile) (Wako Pure Chemical Industries, Ltd., 973 K, 1 h), ZrO2 (Daiichi Kigenso 
Kagaku Kogyo Co. Ltd., 973 K, 1 h), CeO2 (Daiichi Kigenso Kagaku Kogyo Co. Ltd.,973 K, 1 h) 
and MgO (Ube Industries, Ltd., MgO-500A, 973 K, 1 h), respectively. For Ni-Ir/VXC72R 
(Cabot Corporation) catalyst, VXC72R was directly used as support without pretreatment and 
this catalyst was prepared without calcination at 773 K for 3 h in muffle furnace. All catalysts 
were reduced under H2 flow (30 ml/min) at 773 K for 1 h before activity test. The reduced 
Co-Ir/SiO2 (Ir 4wt%) and Ni-Pt/SiO2 ((Pt 4 wt%) catalysts were described as Co-Ir/SiO2-X and 
Ni-Pt/SiO2-X, where X is the introduced Co/Ir and Ni/Pt molar ratio. 
 
3.2.3 Typical Procedure for Hydrogenation of Styrene   
Activity tests were conducted in a 190-ml stainless steel autoclave with an inserted glass 
vessel. The standard reaction conditions for hydrogenation of styrene are as follows: the reduced 
catalyst (typically 20 mg), a spinner and mixture of styrene (200 mmol) and methanol (30 g) 
were added into the glass vessel in the autoclave under air except for Ni/SiO2. Ni/SiO2 catalyst 
was transferred into the autoclave in glovebox with N2 in order to avoid oxidation of Ni metal 
species by exposing it to air. The air was purged by flushing with H2 (1 MPa, 99.99%, Nippon 
Peroxide Co., Ltd.) three times after sealing the reactor. Then, the autoclave was heated to 303 K 
and H2 pressure was increased to 8 MPa and the stirring speed was fixed at 500 rpm. The 
reaction temperature was monitored by a thermocouple inserted in the autoclave. After the 
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reaction, the reactor was cooled to room temperature in water bath. The liquid phase was 
transferred to a vial and then washed by 20 g ethanol. The products were analyzed by GC with 
TC-WAX capillary column. Conversion of the styrene and selectivity of products were 
calculated by GC with n-dodecane (about 0.8 g) as an internal standard. TOF and TOFs was 
calculated as follows: TOF (min-1) = (Produced ethylbenzene amount (mmol))/(total Ir and Ni 
metal amount (mmol))/(Time (min)), TOFs (min
-1) = (Produced ethylbenzene amount 
(mmol))/(surface metal amount (mmol))/(Time (min)). The surface metal amount (mmol) was 
calculated by integration of total metal amount with dispersion determined by H2 adsorption. The 
qualitative analysis was conducted by GC-MS with TC-WAX capillary column. 
 
3.2.4 Characterization 
X-ray diffraction (XRD) patterns were recorded by a diffractometer (MiniFlex600, Rigaku). 
Cu Kα (λ = 0.154 nm, 45 kV, 40 mA) radiation was used as an X-ray source. In order to 
precisely obtain the position of XRD peaks, the sample was mixed with Si powder (Wako Pure 
Chemical Industries, Ltd. 99.9%) for measurement and XRD patterns were calibrated by Si (111) 
of 28.42°. The average metal particle size was estimated using Scherrer’s equation. 
Field emission scanning transmission electron microscope (FE-STEM) images and 
energy-dispersive X-ray (EDX) analyses were obtained by a Hitachi spherical aberration 
corrected STEM/SEM HD-2700 instrument operated at 200 kV. After the reduction and 
passivation, the samples were dispersed in ethanol and placed on Cu grids under air atmosphere. 
Average particle size was calculated by ∑nidi3/∑nidi2(di, particle size; ni, number of particles 
with di). 
X-ray photoelectron spectroscopy (XPS) experiments were conducted with an AXIS-ULTRA 
DLD (Shimadzu Co., Ltd.) using monochromatic Al Kα X-ray radiation (hν=1486.6 eV) 
operated at 20 mA and 15 kV at room temperature under 8−10 Pa. The binding energy was 
calibrated by C 1s (284.6 eV). The catalysts after the reduction were transported to the analysis 
chamber in nitrogen atmosphere to avoid exposure to air. Analysis of XPS data was performed 






composition was calculated on the basis of relative sensitivity factor 0.278, 0.78, 0.328, 5.021 
and 4.044 for C 1s, O 1s, Si 2p, Ir 4f and Ni 2p, respectively. 
FT-IR spectra of CO adsorption were recorded by a Nicolet 6700 FT-IR with a resolution of 4 
cm−1 in a transition mode using an in situ cell with CaF2 windows. The calcined sample was 
pressed into a self-supporting disk (20 mm diameter, ∼30 mg). The sample disk was put into the 
IR cell connected to the closed circulation system and reduced with flowing H2 at 773 K for 1 h 
under 13 kPa. After evacuation and cooling, CO of 3.3, 6.7 and 13.3 kPa was introduced and 
rested for 1 min, 3 min and 5 min at room temperature, respectively, and corresponding FT-IR 
spectra were recorded, subsequently, the remaining CO was evacuated, and FT-IR spectra were 
recorded. The chemisorption of CO on each sample was saturated during adsorption process. 
 
3.3 Results and discussion 
3.3.1 Screening of catalysts 
In chapter 2, we focused on the various Ni and Ir compositions supported on SiO2 in 
hydrogenation of styrene, and other combination of non-noble metals and noble metals had not 
been reported. In order to check the other preferable metal combinations, combination of 
non-noble metals (Fe, Co, Ni and Cu) and Ir metal, and combination of Ni and noble metals (Ir, 
Pt, Pd, Rh, Ru) were investigated in hydrogenation of styrene at 303 K and 8 MPa H2 pressure as 
a model reaction. 
At first, the performance of combination of non-noble metals and Ir metal was investigated. 
Non-noble metal-modified Ir/SO2 catalysts, M-Ir/SiO2 (M=Fe, Co, Ni and Cu) and 
SiO2-supported non-noble metals (M/SiO2) were prepared and tested in hydrogenation of styrene 
(Table 3-1). M/SiO2 showed no or low conversion (<6%, entries 6-9). Conversion was not 
improved over Fe-Ir/SiO2 and Cu-Ir/SiO2 catalysts (entries 2 and 5) in comparison with that over 
Ir/SiO2. In contrast, the introduction of Co and Ni to Ir/SiO2 (entries 3 and 4), that is Co-Ir/SiO2 
and Ni-Ir/SiO2 catalysts, increased the conversion compared with Ir/SiO2 and Ni/SiO2 or 
Co/SiO2 (entries 1, 7, 8), and the selectivity to ethylbenzene was also improved (>99.9%). From 
the XRD pattern of M-Ir/SiO2 (M=Fe, Co, Ni and Cu) in Figure 3-1, alloys were formed for all 
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catalysts, and the corresponding alloy composition of M/(M+Ir) was 44%, 38%, 24% and 19% 
for Fe-Ir/SiO2, Co-Ir/SiO2, Ni-Ir/SiO2 and Cu-Ir/SiO2, respectively. The combination of Co and 
Ir was also effective for hydrogenation of styrene, providing more about 2.5-fold higher 
conversion with high selectivity (>99.9%) than the mono-metallic Ir/SiO2, although the 
combination of Ni and Ir was a more suitable combination in terms of conversion. As reported in 
chapter 2, the activity of Ni-Ir/SiO2 catalysts strongly depended on the Ni/Ir molar ratio, and the 
present molar ratio of M/Ir=1 is the optimal one in the case of the Ni-Ir/SiO2 catalyst. In order to 
clarify the suitable Co/Ir molar ratio in Co-Ir/SiO2 catalysts, the effect of Co loading amount was 
investigated with Ir loading amount being fixed at 4 wt% (Figure 3-2). The conversion showed 
volcano pattern with respect to the Co loading amount, and high conversion of 22.2% was 
obtained in the case of Co/Ir = 4, which is about 3.5-fold higher than that of Ir/SiO2. As above, 
Co is also effective metal species in Ir-alloyed metal catalysts in hydrogenation of styrene, 
however, the conversion is lower than that in the case of Ni-Ir/SiO2-1 (47.8%). Therefore, Ni is 
the most effective metal in combination of Ir/SiO2 among non-noble metals (Fe, Co, Ni and Cu) 
in hydrogenation of styrene.  
Next, combination of Ni and noble metals was studied by using Ni-M’/SiO2 (Ni/M
’ = 1, M = 
4 wt%, M’=Pt, Pd, Rh, Ru and Ir) and M’/SiO2 (Table 3-2). Ethylcyclohexane and others such as 
1-ethylcyclohexene and other partial hydrogenation products of styrene hydrogenation were 
observed over Ir/SiO2, Pt/SiO2, Rh/SiO2 and Ru/SiO2 (entries 1, 4, 8 and 10), while addition of 
Ni species to M’/SiO2 improved the selectivity (>99.9%). The conversion with Pd/SiO2 and 
Rh/SiO2 was very high (entries 6 and 8), however, addition of Ni species decreased the 
conversion (entries 7 and 9). Ru/SiO2 showed moderate conversion (19.3%, entry 10), but 
positive effect was not obtained by addition of Ni species to Ru/SiO2 (17.3%, entry 11). Pt/SiO2 
also showed moderate conversion (16.6%, entry 4), and addition of Ni species to Pt/SiO2 
furthermore increased the conversion (45.0%, entry 5). The effect of the Ni/Pt molar ratio in 
Ni-Pt/SiO2 catalysts was investigated (Figure 3-3). The conversion increased with increasing the 
Ni/Pt molar ratio up to 0.25, and the conversion reached 41% at the Ni/Pt molar ratio of 0.25, 






increasing the Ni/Pt molar ratio over 0.25, however, the conversion increase will be due to 
increase of the Ni loading amount because only Ni has some activity for hydrogenation of 
styrene. The XRD patterns of Ni-Pt/SiO2 catalysts were shown in Figure 3-4, which suggests the 
formation of some Ni-Pt alloys. However, the shape of the main signals (37-43o) due to Ni-Pt 
alloys is quite distorted, and hence the precise estimation of the particle size and Ni/Pt alloy 
composition is difficult. TEM of Ni-Pt/SiO2-0.25 was shown in Figure 3-5, two different 
distributions were observed, the particle size of small particles and large particles 3.2 and 23 nm, 
respectively. The main alloy composition of Ni-Pt alloys in Ni-Pt/SiO2 catalysts was tentatively 
calculated by using the top peak and summarized in Table 3-3. The Ni/Pt alloy molar ratio (Ni/Pt 
(alloy)) increased with increasing the Ni/Ir molar ratio, and the Ni/Pt (alloy) ratio in the 
Ni-Pt/SiO2-0.25 catalyst was calculated to be about 1/9 (entry 3), which suggests that very small 
amount of Ni species is effective for high conversion in hydrogenation of styrene. Therefore, the 
formation of Ni-Pt alloy is effective for hydrogenation of styrene, and the conversion is similar 
to that of Ni-Ir/SiO2 catalyst. 
As above, formation of Co-Ir alloy and Ni-Pt alloy was also effective for hydrogenation of 
styrene, however, Ni-Ir/SiO2-1, Ni-Ir alloy catalyst, is more preferable than these catalysts in 
terms of rate enhancement (Ni-Ir/SiO2-1: 7-fold, Co-Ir/SiO2-4: 3.5-fold, Ni-Pt/SiO2-1: 2.5-fold,). 
Therefore, we focused on the Ni-Ir alloy catalysts in the following studies.  
Supports often change the catalytic performance by the geometric and electronic effects. The 
effect of supports in Ni-Ir/support catalysts (support=γ-Al2O3, TiO2 (P25), TiO2 (Anatase), TiO2 
(Rutile), VXC72R, ZrO2, CeO2, MgO and SiO2) was investigated (Figure 3-6, and the detailed 
results are in Table 3-4). All the catalysts showed good selectivity (> 99.9%). Ni-Ir/SiO2 catalyst 
exhibited superior conversion to the other catalysts. The XRD patterns for Ni-Ir/supports are 
shown in Figure 3-7, and the Ni/Ir alloy molar ratios are summarized in Table 3-4. The alloy 
ratio of Ni/(Ir+Ni) in Ni-Ir/support catalysts except Ni-Ir/TiO2 (Rutile) and Ni-Ir/ZrO2 is between 
10 and 25%, where the activity of Ni-Ir alloy was reported to be similar in our previous results 
[7], however, the particle size and formed amount of the Ni-Ir alloys are different over 
Ni-Ir/support catalysts because the peak area is quite different. The peak area of Ni-Ir/SiO2 is 
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larger than that of the other Ni-Ir/support catalysts and the particle size of Ni-Ir/SiO2 is smaller 
than that of Ni-Ir/γ-Al2O3, Ni-Ir/TiO2 (Anatase), Ni-Ir/TiO2 (Rutile), Ni-Ir/ZrO2, and Ni-Ir/CeO2 
(Table 3-4), which may explain the low conversion. 
Ni-Ir/SiO2-1 (Ni/Ir=1, Ir=4wt%,) catalyst was applied to hydrogenation of various aromatic 
olefins in Table 3-5 and 3-6. The conversion of 45.3% was obtained for hydrogenation of 
4-methoxystyrene after 0.5 h, a little lower than that of styrene. 4-Methylstyrene showed 32.6% 
conversion under the same conditions, nevertheless, 2-methylstyrene gave conversion of 14.4%, 
which can be attributed to the steric hindrance of methyl. 32.8% conversion was obtained for 
hydrogenation of 4-tert-butylstyrene, almost the same as that of 4-methylstyrene. The selectivity 
to relevant alkanes was maintained over 99.9% in hydrogenation of those substrates even after 
long reaction time. However, for 4-chlorostyrene hydrogenation, 99.6% selectivity for 
1-chloro-4-ethylbenzene, 0.3% selectivity for ethylbenezene and 0.1% selectivity for 
ethylcyclohexane was observed within 0.5 h at 26.8% conversion, respectively, and 99.3% 
1-chloro-4-ethylbenzene, 0.4% ethylbenezene and 0.3% ethylcyclohexane were obtained when 
the conversion was 99.9% conversion after 5 h, the poor selectivity can be ascribed to the poison 
of chlorine to Ni-Ir/SiO2 catalyst surface, which is produced by the dechlorination reaction and 
overhydrogenation on Ni-Ir/SiO2 catalyst surface. However, the selectivity to 
1-chloro-4-ethylbenzene was still higher than that over reported PdsNC/PN-CeO2 catalyst (98.9% 
selectivity at 42% conversion and 98.6% selectivity at 98.6% conversion) [8]. Furthermore, 
hydrogenation of styrene, 4-chlorostyrene and 4-methylstyrene was studied with Ni–Ir/SiO2-1, 
Ni/SiO2 and Ir/SiO2 catalysts (Figure 3-8 and Table 3-7). The TOFs over Ni–Ir/SiO2-1 was 
estimated to be 4000 min−1, which was more than 8 times and 3 times higher than those over the 
Ir/SiO2 and Ni/SiO2 in styrene hydrogenation, respectively. For the hydrogenation of 
4-methylstyrene, the activity over Ni–Ir/SiO2-1 was 5-times higher than those over Ir/SiO2 and 
Ni/SiO2. In hydrogenation of 4-chlorostyrene, the TOFs over Ni–Ir/SiO2-1 was 3-fold higher than 
those over Ir/SiO2 and Ni/SiO2, and the Ni-Ir/SiO2-1 showed higher selectivity than that over 
Ir/SiO2. Overall, various olefins can be successfully hydrogenated to the corresponding alkanes 






Ir/SiO2 and Ni/SiO2 in hydrogenation of styrene, 4-chlorostyrene and 4-methylstyrene. 
 
3.3.2 Catalyst characterization of Ni-Ir/SiO2 catalyst 
In chapter 2, Ni-Ir/SiO2 catalysts were characterized by TEM, XRD, H2-TPR, XAFS and 
H2-adsorption, and the bulk structure was clarified. The characterization of these catalysts is 
summarized in Tables 3-8 and 3-9. The optimized catalyst of Ni-Ir/SiO2-1 has well-mixed small 
Ni-Ir alloy particles about 3 nm (Ni/Ir (alloy)=1/3), small monometallic Ni particles (<3 nm) and 
also large monometallic Ni particles (~30 nm). The plausible structure of Ni-Ir/SiO2-1 catalyst 
was shown in Scheme 3-1. In order to clarify the reaction mechanism over the Ni-Ir/SiO2 
catalyst, the characterization of the catalyst surface state is essential, and hence we carried out 
FTIR of CO-adsorption and XPS analyses. 
At first, CO adsorption was conducted by FTIR with Ir/SiO2 (Ir 4 wt%), Ni/SiO2 (Ni 9.8 wt%) 
and Ni-Ir/SiO2 catalysts (Ni–Ir/SiO2-0.1, Ni–Ir/SiO2-1, Ni–Ir/SiO2-2) (Figure 3-9 and 3-10). 
Ir/SiO2 showed a band at 2087 cm
-1, which corresponds to linear CO adsorption on Ir metal [9, 
10], and Ni/SiO2 displayed three bands at 2034, 1953 and 1907 cm
-1, which are assignable to 
linear-bonded CO, bridge-bonded CO and hollow adsorption of CO on Ni metals, respectively 
[11-15]. As for the Ni-Ir/SiO2 catalysts, with increasing the Ni/Ir molar ratio from 0 to 1, the 
linear-bonded CO band on Ir metals gradually shifted to lower wavenumber and the peak 
broadened at same time. These results suggest that the electron of Ni metals was transferred to Ir 
metals due to the larger electronegativity of Ir metal than that of Ni metal. At Ni/Ir molar ratios 
of 1 and 2, the peak position and peak intensity of CO adsorption over these Ni-Ir/SiO2 catalysts 
is the same, which suggests that the surface state of the alloy are similar. This result is not in 
conflict with almost the same alloy composition (Ni/(Ir+Ni)=0.24 and 0.23 for Ni-Ir/SiO2-1 and 
Ni-Ir/SiO2-2), particle sizes verified by XRD and TEM analysis and activity (Table 3-8 and 3-9).  
Next, X-ray photoelectron spectroscopy (XPS) was conducted with Ir/SiO2 (Ir = 4 wt%), 
Ni/SiO2 (Ni = 9.8 wt%) and Ni-Ir/SiO2-1 (Ni/Ir =1, Ir = 4 wt%) catalysts. Ir 4f XPS spectra are 
shown in Figure 3-11 and the peak positions are summarized in Table 3-8. Ir/SiO2 showed two 
peaks at 60.7 and 63.7 eV with a 4:3 peak ratio, which can be assigned to 4f7/2 and 4f5/2 of Ir 
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metals, respectively [10, 16-18]. Ni-Ir/SiO2-1 provided two peaks at 60.4 and 63.4 eV, which are 
also assignable to those of Ir metals, however the binding energy of the peaks are lower than 
those of Ir/SiO2. These results indicate that the electron density of the Ir metals over Ni-Ir/SiO2-1 
was increased by addition of Ni species, which can be explained by the electron transfer from Ni 
metals to Ir metals. This result agrees with the result of FTIR of CO adsorption (Figure 3-9 and 
3-10). On the other hand, Ni 2p XPS of Ni/SiO2 showed two peaks at 852.1 and 869.4 eV with a 
2:1 peak ratio, which are due to 2p3/2 and 2p1/2 of Ni metals, respectively [16-18]. Ni-Ir/SiO2-1 
also showed two main Ni 2p peaks with the same binding energy as that of Ni/SiO2, which will 
be due to the small amount of Ni metals used for formation of Ni-Ir alloys. The surface Ni/Ir 
molar ratio was calculated to be about 0.8 (Table 3-8), which is a little smaller than the actual 
introduced Ni/Ir molar ratio (1.0) due to the presence of the large Ni particles. 
 
3.3.3 Kinetic studies with Ni-Ir/SiO2-1, Ir/SiO2 and Ni/SiO2 catalysts 
The effect of styrene concentration was investigated with Ni/SiO2 (Ni 1.2 wt%), Ir/SiO2 
(Ir=4wt%), and Ni-Ir/SiO2-1 (Ni/Ir = 1, Ir = 4 wt%) catalysts, and the results are shown in Figure 
3-12(a) and the summary and details are in Table 3-10 and Tables 3-11-3-14, respectively. The 
reaction orders were calculated to be 0.1, 0.0 and 0.0 for Ni/SiO2, Ir/SiO2 and Ni-Ir/SiO2-1, 
respectively. This result is similar to that of the previous reports [2, 3], suggesting that styrene is 
adequately saturated over the catalyst surface in all catalysts. According to the previous reports 
on the adsorption of olefins over Ir and Ni metals by DFT calculations, the adsorption of olefins 
with π mode is more suitable than that with di-σ mode over Ir and Ni metals [19-21]. Therefore, 
hydrogenation of styrene will proceed via adsorption of styrene on these metals with π mode.  
Next, the effect of H2 pressure was studied as shown in Figure 3-12(b), and the summary and 
details are in Table 3-10 and Tables 3-15-3-18, respectively. The TOF value increased with 
increasing H2 pressure in all the catalysts, and the reaction order over Ir/SiO2 was estimated to be 
0.4, while those over Ni/SiO2 and Ni-Ir/SiO2-1 was calculated to be 1.0. The reaction orders over 
Ir/SiO2 and Ni/SiO2 are similar to those of the previous works [6, 22]. These results indicate that 






previous reports [5, 23], the main steps in hydrogenation of olefins are first hydrogenation of 
olefins adspecies on metals (first hydrogenation step), and second hydrogenation of 
half-hydrogenated olefin adspecies on metals (second hydrogenation step). The 0.5 reaction 
order suggests that the first hydrogenation step is the rate-determining step [5], and hence the 
first hydrogenation step by H atom species on Ir metals of Ir/SiO2 is slower than the second 
hydrogenation step over the Ir metals. On the other hand, the first order suggests the second 
hydrogenation step is the rate-determining step [5, 23], and hence the second hydrogenation step 
by H atom species on Ni metals of Ni/SiO2 is slower than the first hydrogenation step over the Ni 
metals. In the case of the Ni-Ir/SiO2-1 catalyst, considering the first order with respect to H2 
pressure, the second hydrogenation step is the rate-determining step, and the reaction will 
proceed over Ir metals based on the reaction orders with respect to H2 pressure over Ir/SiO2 (∼ 
0.5) and Ni/SiO2 (∼1.0) catalysts. Moreover, the isotopic effect in hydrogenation of styrene with 
H2 and D2 was investigated (Figure 3-13 and Table 3-19). The ratio of VH2/VD2 was calculated to 
be 1.5, which suggests that the rate-determining step includes the reaction with H atom. This 
result is not inconsistent with the second hydrogenation step being the rate-determining step.  
The Arrhenius plots between 303 and 333 K in hydrogenation of styrene are shown in Figure 
3-14, and the apparent activation energies (Ea) were estimated with Ni-Ir/SiO2-1, Ir/SiO2 and 
Ni/SiO2 catalysts to be 21, 40 and 41 kJ/mol, respectively. These results indicate that the 
activation energy for hydrogenation of styrene decreased by about 20 kJ/mol by formation of 
Ni-Ir alloy, which suggests that the reaction mechanism at the second hydrogenation step, the 
rate-determining step over Ni-Ir/SiO2-1, is different from that of Ni/SiO2 catalyst which has the 
same reaction order with respect to H2 pressure. The low Ea is responsible for the high reaction 
rate of Ni-Ir/SiO2-1. The Ea value (21 kJ/mol) is comparable to the reported noble metal catalysts 
such as Rh/SiO2 (27 kJ/mol) and Pd/SiO2 (23 kJ/mol), and the activity is also comparable (Table 
3-24 254 s-1 for Pd/SiO2, 25 s
-1 for Rh/SiO2 and 92 s
-1 for Ni-Ir/SiO2-1) [3].  
 
3.3.4 Proposed reaction mechanism 
According to the previous work on the bond energy of metal-C, metal-H and metal-olefin (π 
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mode) [6, 21, 24], these energies on Ni metals are larger than those on Ir metals. Therefore, the 
activation of olefins is preferable over Ni metals to that over Ir metals, however, the reactivity of 
H atom and metal-C bond on Ir metals is higher than that on Ni metals. 
Based on the above results and facts, the proposed reaction mechanism for hydrogenation of 
styrene over Ni-Ir/SiO2-1 catalyst is shown in Scheme 3-2, which is composed of five steps: (i) 
styrene is adsorbed and activated on Ni and Ir metals, particularly on Ni metals because of the 
stronger Ni-olefin  bond. (ii) H2 is dissociatively adsorbed on Ni and Ir metals, particularly on 
Ni metals due to the stronger adsorption energy of H2 on Ni metal. (iii) The first hydrogenation 
step proceeds mainly via hydrogenation of olefins on Ni metals by H atom on Ir metals to form 
the half-hydrogenated olefin adspecies. The step is faster than that of the second hydrogenation 
step (v) and hence the half-hydrogenated olefin adspecies was also formed on Ir metals. (iv) The 
half-hydrogenated olefin adspecies are in the equilibrium between on Ni metals and on Ir metals, 
although the equilibrium is biased to the Ni metal side owing to the stronger Ni-C bonds than 
Ir-C bonds. (v) As for the second hydrogenation step, hydrogenation of the half-hydrogenated 
olefin adspecies proceeds mainly on Ir metals by H atom on Ir metals, which is the 
rate-determining step, and the target product is formed and the catalyst is regenerated. 
Considering that the energies of Ir-C and Ir-H bonds are weaker than those of Ni-C and Ni-H 
bonds [21], hydrogenation of the half-hydrogenated olefin adspecies on Ir metals by H atom on 
Ir metals is more favorable than other three combinations such as (a) the half-hydrogenated 
olefin adspecies on Ni metals by H atom on Ni metals, (b) the half-hydrogenated olefin 
adspecies on Ni metals by H atom on Ir metals and (c) the half-hydrogenated olefin adspecies on 
Ir metals by H atom on Ni metals. Therefore, Ir-Ir pair sites are necessary for the second step. 
Moreover, the electron transfers of Ni metals to Ir metals can facilitate the adsorption and 
activation of olefins on Ni metals and also increase the reactivity of H atom on Ir metals. 
Particularly, the latter effect is quite important because the reactivity of H atom has large 
influence on the rate-determining step of the second hydrogenation step. Therefore, both Ir and 
Ni metals concertedly worked for the hydrogenation reaction, which resulted in high activity.   






and the formation of Ir-Ir pair sites, which are the active sites for the second hydrogenation step, 
are important in order to obtain high activity. To obtain larger electron transfer from Ni metals to 
Ir metals, a large amount of Ni metals in Ni-Ir alloys are necessary, however, which decreased 
the formation of Ir-Ir pair sites. Therefore, excess amount Ni metals in alloys is not suitable, 
which can explain the activity tendency that the activity of Ni-Ir alloys showed volcano patterns 
with respect to the Ni/(Ni+Ir) molar ratio. Therefore, small amount of Ni metals, just formation 
of single Ni metal in Ni-Ir alloys, is preferable for hydrogenation of olefins.    
 
3.4 Conclusions 
We prepared a series of SiO2-supported noble metal (M) + Ir metal (M-Ir/SiO2, M=Ni, Cu, Co 
and Fe) catalysts, SiO2-supported Ni + noble metal (M
’) (Ni-M’/SiO2, M
’=Ir, Pt, Pd, Rh and Ru) 
and Ni + Ir supported on various supports (Ni-Ir/Support, Support=γ-Al2O3, TiO2 (P25), TiO2 
(Anatase), TiO2 (Rutile), VXC72R, ZrO2, CeO2, MgO and SiO2), and investigated the 
performance in hydrogenation of styrene as a model reaction. Similar to the case of Ni and Ir, the 
combination of Co and Ir, and Ni and Pt was effective for hydrogenation of styrene compared 
with the monometallic counterpart catalysts, and the formation of alloy of these metals will be 
important. Combined with kinetic and spectroscopic studies, the reaction mechanism was 
proposed. The reaction is composed of five steps, and the rate-determining step is the second 
hydrogenation one, that is the hydrogenation of the half-hydrogenated olefin adspecies on Ir 
metals by H atom on Ir metals. The step requires Ir-Ir pair sites, which can explain the validity of 
small amount of Ni metals in Ni-Ir alloy, Ir alloyed single Ni metals. The electron transfers from 
Ni metals to Ir metals also facilitated the rate-determining step. Therefore, the concerted work of 
both Ir and Ni metals is responsible for the high activity. 
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Selectivity (%) XRD 
Ethylbenzene Ethylcyclohexane Others b 
Alloy ratio of 
M/(Ir+M)c/% 
Particle size (nm) 
1 Ir/SiO2   6.5   98.5   1.1   0.4   0 5.1 
2 Fe-Ir/SiO2   0.3 >99.9 <0.1 <0.1 44 2.4 
3 Co-Ir/SiO2 15.9 >99.9 <0.1 <0.1 38 2.8 
4 Ni-Ir/SiO2 47.8 >99.9 <0.1 <0.1 24 3.2 
5 Cu-Ir/SiO2   0.1 >99.9 <0.1 <0.1 19 3.2 
6 Fe/SiO2   0.1 >99.9 <0.1 <0.1 — — 
7 Co/SiO2   0.1 >99.9 <0.1 <0.1 — — 
8 Ni/SiO2   6.0 >99.9 <0.1 <0.1 — 6.9 
9 Cu/SiO2   0.1 >99.9 <0.1 <0.1 — — 
a Reaction conditions: catalyst 0.02 g (M-Ir/SiO2 Ir 4wt%, M/Ir =1, M=Fe, Co, Ni and Cu), Ni/SiO2 (Ni 1.2 wt%), Fe/SiO2 
(Fe 1.2 wt%), Co/SiO2 (Co 1.2 wt%), Cu/SiO2 (Cu 1.3 wt%), styrene 200 mmol, methanol 30 g, H2 8 MPa, 500 rpm, 
303 K, 0.5 h.  
b Others include 1-ethylcyclohexene and other partial hydrogenation products of styrene hydrogenation. 













Ethylbenzene Ethylcyclohexane Others b 
1 Ir/SiO2   6.5 98.5 1.1 0.4 
2 Ni-Ir/SiO2 47.8 >99.9 <0.1 <0.1 
3 Ni/SiO2   6.0 >99.9 <0.1 <0.1 
4 Pt/SiO2 16.6 99.7 <0.1 0.3 
5 Ni-Pt/SiO2 45.0 >99.9 <0.1 <0.1 
6 Pd/SiO2 73.8 >99.9 <0.1 <0.1 
7 Ni-Pd/SiO2 67.7 >99.9 <0.1 <0.1 
8 Rh/SiO2 70.3 99.8 0.1   0.1 
9 Ni-Rh/SiO2 65.0 >99.9 <0.1 <0.1 
10 Ru/SiO2 19.3 98.2 1.1 0.8 
11 Ni-Ru/SiO2 17.5 >99.9 <0.1 <0.1 
a Reaction conditions: catalyst 0.02 g (M’/SiO2 and Ni-M’/SiO2 (M’=Ir, Pt, Pd, Rh and Ru), M’ 4wt%, Ni/M’=1), Ni/SiO2 
(Ni 1.2 wt%), styrene 200 mmol, methanol 30 g, H2 8 MPa, 500 rpm, 303 K, 0.5 h. 
b Others include 1-ethylcyclohexene and other partial hydrogenation products of styrene hydrogenation. 
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Selectivity (%) XRD 
Ethylbenzene Ethylcyclohexane Othersb 
Alloy ratio of 
Ni/(Ni+Pt)c/% 
1 0(Pt/SiO2) 16.6 99.7 <0.1 0.3 0 
2 0.1 25.9 99.8 <0.1 0.2 (6)* 
3 0.25 40.6 >99.9 <0.1 <0.1 (10) * 
4 0.5 43.2 >99.9 <0.1 <0.1 (15) * 
5 1 45.0 >99.9 <0.1 <0.1 (18) * 
6 2 48.4 >99.9 <0.1 <0.1 (38) * 
7 4 54.2 >99.9 <0.1 <0.1 (47) * 
8 8 57.1 >99.9 <0.1 <0.1 (57) * 
9 16 61.8 >99.9 <0.1 <0.1 (95) * 
10 (Ni/SiO2) 6.0 >99.9 <0.1 <0.1 — 
a Reaction conditions: catalyst 0.02 g (Ni-Pt/SiO2, Pt 4 wt%, Ni/Pt=0.1-16), styrene 200 mmol, methanol 30 g, H2 8 
MPa, 500 rpm, 303 K, 0.5 h. 
b Others include 1-ethylcyclohexene and other partial hydrogenation products of styrene hydrogenation. b Determined 
by XRD analyses based on Vegard's law. 
c Determined by XRD analyses based on Vegard's law. 
* 







Table 3-4 The effect of support of Ni-Ir/support catalysts (support=γ-Al2O3, TiO2 (P25), TiO2 (Anatase), VXC72R, TiO2 




Selectivity (%) XRD 
Ethylbenzene Ethylcyclohexane Others b 






1 γ-Al2O3  7.8 >99.9 <0.1 <0.1 14 7.4 1920 
2 TiO2(P25)  9.4 >99.9 <0.1 <0.1 21 2.5 330 
3 TiO2(Anatase) 10.0 >99.9 <0.1 <0.1 23 7.0 590 
4 VXC72R 18.4 >99.9 <0.1 <0.1 23 1.3 720 
5 TiO2(Rutile) 21.3 >99.9 <0.1 <0.1 29 3.9 320 
6 ZrO2 28.5 >99.9 <0.1 <0.1 27 4.4 510 
7 CeO2 29.3 >99.9 <0.1 <0.1 18 6.2 140 
8 MgO 30.7 >99.9 <0.1 <0.1 —c — c — c 
9 SiO2 47.8 >99.9 <0.1 <0.1 24 3.2 1100 
a Reaction conditions: Ni-Ir/support 0.02 g (Ir 4wt%, Ni/Ir=1), styrene 200 mmol, methanol 30 g, H2 8 MPa, 500 rpm, 
303 K, 0.5 h. 
b Determined by XRD analyses based on Vegard's law. 




Comparative study of nickel–iridium alloy, non-noble metal + Ir and Ni + noble metal catalysts in styrene 










Product (Selectivity /%) 
1  56.7             (>99.9) 
2  45.3               (>99.9) 
3  32.6               (>99.9) 
4  14.4               (>99.9) 
5  32.8               (>99.9) 
6 Cl  26.8       (99.6)         (0.3)          (0.1) 
a Reaction conditions: Ni-Ir/SiO2-1 (Ir 4wt%, Ni/Ir=1), Ir/SiO2 (Ir 4wt%), Ni/SiO2 (Ni 1.2wt%), 0.01 g, substrate 100 






























Table 3-6 Scope of substrates in the hydrogenation of R-substituted styrene over Ni-Ir/SiO2 at high conversion a 
 
Entry Substrate t/h 
Conv. 
/% 
Product (Selectivity /%) 
1  2 97.8                             (>99.9) 
2  4 99.3                             (>99.9) 
3  4 96.9                            (>99.9) 
4 Cl  5 99.9         (99.3)         (0.4)          (0.3) 
a Reaction conditions: Ni-Ir/SiO2-1 (Ir 4wt%, Ni/Ir=1), Ir/SiO2 (Ir 4wt%), Ni/SiO2 (Ni 1.2wt%), 0.01 g, substrate 100 
mmol, methanol 15 g, H2 8 MPa, 500 rpm, 2-5 h, 303 K. 
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Table 3-7 Results of hydrogenation of styrene, 4-methylstyrene and 4-chlorostyrene over Ni/SiO2, Ni-Ir/SiO2-1 and 
Ir/SiO2 catalysts 






/ min-1 Ethylbenzene Ethylcyclohexane othersa 
Ir/SiO2 0 0 - - - 1030 
 0.25 3.3 >99.9 <0.1 <0.1  
 0.5 6.0 >99.9 <0.1 <0.1  
Ni-Ir/SiO2-1 0 0 - - - 4000 
 0.08 7.5 >99.9 <0.1 <0.1  
 0.17 16.1 >99.9 <0.1 <0.1  
Ni/SiO2 0 0 - - - 480 
 0.25 3.5 98.5 1.1 0.4  
 0.5 6.5 98.5 1.1 0.4  
Reaction conditions: catalyst 20 mg, styrene 200 mmol, methanol 30 g, H2 8 MPa, 303 K. 
aOthers include 1-ethylcyclohexene and other partial hydrogenation products of styrene hydrogenation. 
 






/ min-1 1-methyl-4-ethylbenzene Ethylbenzene Ethylcyclohexane others 
Ni/SiO2 0.5 2.9 >99.9 <0.1 <0.1 <0.1 490 
Ni-Ir/SiO2-1 0.5 32.6 >99.9 <0.1 <0.1 <0.1 2740 
Ir/SiO2 0.5 4.9 >99.9 <0.1 <0.1 <0.1 360 



















































































/ min-1 1-Chloro-4-ethylbenzene Ethylbenzene Ethylcyclohexane othersa 
Ni/SiO2 0.5  1.9 >99.9 <0.1 <0.1 <0.1 320 
Ni-Ir/SiO2-1 0.5 26.8    99.6   0.3   0.1 <0.1 2160 
Ir/SiO2 0.5  8.6    99.2   0.2   0.5   0.1 630 
Reaction conditions: catalyst 10 mg, 4-Chlorostyrene 100 mmol, methanol 30 g, H2 8 MPa, 303 K. 
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Ir 4f Ni 2p 
Ir/SiO2 773 22.0 0.046 9.7 9.5 (5.0 for Ir) 0 (5.1 for Ir) 1.5 — 0 
Ni-Ir/SiO2-0.03 773 17.9 0.038 — — 4.9 1 — — — — 
Ni-Ir/SiO2-0.05 773 16.9 0.037 — — 4.8 2 — — — — 
Ni-Ir/SiO2-0.1 773 17.2 0.039 9.0 8.5 4.7 5 5.0 — — — 
Ni-Ir/SiO2-0.25 773 12.0 0.031 — — 4.7 8 — — — — 
Ni-Ir/SiO2-0.5 773 11.0 0.034 — — 3.8 16 — — — — 
Ni-Ir/SiO2-1 773 9.5 0.040 12.2 8.8 3.2 24 3.5 1.2 0.3 0.80 
Ni-Ir/SiO2-2 773 6.8 0.042 12.5 9.2 3.4 23 — — — — 
Ni-Ir/SiO2-1(1073 K)a 1073 9.6 0.040 — — 3.5 29 3.7 — — — 
Ni-Ir/SiO2-1(1173 K)a 1173 6.1 0.025 — — 3.9 39 4.0 — — — 






— 0.3 — 
Ni/SiO2(Ni=9.8 wt%) 773 7.2 0.12 8.6 6.5 
(10.2 for 
Ni) 
— — — — — 
a The numbers in parentheses denote the catalyst pre-reduction temperatures. b Determined by XRD analyses based 

























SiO2 area / 103 degree
・counts 
Ni phase area / 103 
degree・counts 
Ni Composition (%) 
raw normalized raw normalized 
Alloyed 
Ni a 
Large Ni b 
Small 
Ni c 
1 Ir/SiO2 4 0 96.0 6.43 6.43 - - - - - 
2 Ni/SiO2 - - 90.2 7.01 6.04 1.65 1.42 - - - 
3 Ni-Ir/SiO2-1 4 1.2 94.8 5.89 6.35 0.044 0.047 32  26  42  
4 Ni-Ir/SiO2-2 4 2.4 93.6 5.31 6.27 0.198 0.233 15  65  20  
a Determined by XRD analyses based on Vegard's law. Alloyed Ni=Nialloyed/Niall 
b Determined by ratio of large Ni area and Ni/SiO2 (9.8wt%). Large Ni=Normalized Ni phase area 
(Ni-Ir/SiO2)/Normalized Ni phase area (9.8wt%Ni/SiO2)  (9.8%/Ni loading amount)  
c Determined by 100-sum of composition of alloyed Ni and large Ni. Small Ni=100-Alloyed Ni-Large Ni 
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Table 3-10 Summary of reaction order with respect to styrene concentration and H2 pressure over Ir/SiO2 (4.0 wt%), 
Ni-Ir/SiO2-1 (Ir 4.0 wt% Ni/Ir=1) and Ni/SiO2 (1.2wt%) catalysts in hydrogenation of styrene 
Entry Catalyst 
Reaction order 
styrene concentration H2 pressure 
1 Ni/SiO2  0.1 1.0 
2 Ir/SiO2  0.0 0.4 




















































/ min-1  
5.6 0 0 - 384.9 
 0.08 8.6 >99.9  
 0.17 15.7 >99.9  
4.2 0 0 - 373.3 
 0.08 8.0 >99.9  
 0.17 15.4 >99.9  
3.3 0 0 - 382.2 
 0.08 7.5 >99.9  
 0.17 16.1 >99.9  
2.7 0 0 - 375.1 
 0.08 7.7 >99.9  
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min-1 Ethylbenzene Ethylcyclohexane othersb 
5.6 0 0 - - - 102.2 
 0.25 3.4 98.4 1.1 0.5  
 0.5 6.3 98.4 1.1 0.5  
4.2 0 0 - - - 99.0 
 0.25 3.0 98.5 1.0 0.5  
 0.5 6.2 98.4 1.1 0.5  
3.3 0 0 - - - 105.9 
 0.25 3.5 98.5 1.1 0.4  
 0.5 6.5 98.5 1.1 0.4  
2.7 0 0 - - - 100.0 
 0.25 3.0 98.3 1.1 0.6  
 0.5 6.3 98.2 1.2 0.6  
 
a Reaction conditions: styrene 200 mmol, methanol 10-40 g, Ir/SiO2 (Ir 4wt%) 20 mg, 303 K, H2 8 MPa. 20 mg, 303 K, 
H2 8 MPa, 500 rpm. 






















































































































a Reaction conditions: styrene 200 mmol, methanol 10-40 g, Ni/SiO2 (Ni 1.2wt%) 20 mg, 303 K, H2 8 MPa. 20 mg, 303 



















/ min-1  
5.6 0 0 - 97.0 
 0.25 3.1 >99.9  
 0.5 6.0 >99.9  
4.2 0 0 - 94.4 
 0.25 3.3 >99.9  
 0.5 5.7 >99.9  
3.3 0 0 - 98.1 
 0.25 3.3 >99.9  
 0.5 6.0 >99.9  
2.7 0 0 - 91.1 
 0.25 3.0 >99.9  
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Ln (styrene concentration 
/M) 
TOF/ min-1 Ln(TOF/ min-1) 
Ni-Ir/SiO2 5.6 1.7 384.9 6.0 
 4.2 1.4 373.3 5.9 
 3.3 1.2 382.2 6.0 
 2.7 1.0 375.1 5.9 
Ir/SiO2 5.6 1.7 102.2 4.6 
 4.2 1.4 99.0 4.6 
 3.3 1.2 105.9 4.7 
 2.7 1.0 100.1 4.6 
Ni/SiO2 5.6 1.7 97.0 4.6 
 4.2 1.4 94.4 4.6 
 3.3 1.2 98.1 4.6 











































/ min-1  
1 MPa 0 0 - 43.8 
 0.25 2.7 >99.9  
 0.5 5.1 >99.9  
 1 11.1 >99.9  
2 MPa 0 0 - 94.2 
 0.25 5.1 >99.9  
 0.5 12.1 >99.9  
4 MPa 0 0 - 95.2 
 0.08 4.1 >99.9  
 0.25 12.2 >99.9  
6 MPa 0 0 - 287.7 
 0.08 6.4 >99.9  
 0.25 17.8 >99.9  
8 MPa 0 0 - 382.2 
 0.08 7.5 >99.9  
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Table 3-16 Hydrogenation of styrene over Ir/SiO2 catalyst at various H2 pressures a 
 
 
a Reaction conditions: styrene 200 mmol, methanol 30 g, Ir/SiO2 (Ir 4wt%) 20 mg, 303 K, H2 1-8 MPa, 500 rpm. 














/ min-1 Ethylbenzene Ethylcyclohexane Othersb 
1MPa 0 0 - - - 43.2 
 0.25 1.3 99.4 0.5 0.1  
 0.5 2.7 98.8 0.5 0.7  
2MPa 0 0 - - - 60.2 
 0.25 1.9 99.1 0.6 0.3  
 0.5 3.8 99.0 0.7 0.3  
4MPa 0 0 - - - 80.6 
 0.25 2.4 98.6 1.0 0.4  
 0.5 5.1 98.5 1.1 0.4  
6MPa 0 0 - - - 93.4 
 0.25 3.0 98.4 1.2 0.4  
 0.5 5.8 98.5 1.1 0.4  
8MPa 0 0 - - - 105.9 
 0.25 3.5 98.5 1.1 0.4  
























































































































































/ min-1  
1MPa 0 0 - 11.8 
 0.25 0.4 >99.9  
 0.5 0.7 >99.9  
2MPa 0 0 - 25.2 
 0.25 0.8 >99.9  
 0.5 1.6 >99.9  
4MPa 0 0 - 42.7 
 0.33 1.8 >99.9  
 0.5 2.6 >99.9  
6MPa 0 0 - 69.7 
 0.33 3.1 >99.9  
 0.5 4.2 >99.9  
8MPa 0 0 - 98.1 
 0.25 3.3 >99.9  
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a Reaction conditions: styrene 200 mmol, methanol 30 g, catalyst Ni-Ir/SiO2-1 (Ir 4wt%, Ni/Ir =1), Ir/SiO2 (Ir 4wt%), 










Ln(H2 pressure/MPa) TOF/ min-1 Ln(TOF/ min-1) 
Ni-Ir/SiO2 1 0 43.8 3.8 
 2 0.7 94.2 4.5 
 4 1.4 195.2 5.3 
 6 1.8 287.7 5.7 
 8 2.1 382.1 5.9 
Ir/SiO2 1 0 43.2 3.8 
 2 0.7 60.2 4.1 
 4 1.4 80.6 4.4 
 6 1.8 93.4 4.5 
 8 2.1 105.9 4.7 
Ni/SiO2 1 0 11.8 2.5 
 2 0.7 25.2 3.2 
 4 1.4 42.7 3.8 
 6 1.8 69.7 4.2 



















VH2 / VD2 =1.45 
a Reaction conditions: styrene 200 mmol, methanol 30 g, Ni-Ir/SiO2-1 (Ir 4wt%, Ni/Ir = 1) 20 mg, 303 K, H2 or D2 1 MPa, 
500 rpm. 




















/ mmol min-1 g-1   
H2 0 0 - 18.2 
 0.25 2.7 >99.9  
 0.5 5.1 >99.9  
 1.0 11.1 >99.9  
D2 0 0 - 12.6 
 0.25 1.7 >99.9  
 0.5 3.7 >99.9  
 1 7.6 >99.9  
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303 0 0 - 158.8 
 0.08 7.5 >99.9  
 0.17 16.1 >99.9  
313 0 0 - 219.3 
 0.17 21.0 >99.9  
 0.34 45.4 >99.9  
323 0 0 - 282.0 
 0.17 28.2 >99.9  
 0.34 54.8 >99.9  
333 0 0 - 340.4 
 0.08 17.0 >99.9  
 0.17 33.5 >99.9  
a Reaction conditions: styrene 200 mmol, methanol 30 g, Ni-Ir/SiO2-1 (Ir 4wt%, Ni/Ir =1) 20 mg, 303-333 K, H2 8 MPa, 
500 rpm. 





























































































































a Reaction conditions: styrene 200 mmol, methanol 30 g, Ir/SiO2 (Ir 4wt%) 20 mg, 303-333 K, H2 8 MPa, 500 rpm. 
b Others include 1-ethylcyclohexene and other partial hydrogenation products of styrene hydrogenation. 
















/(mmol/min/g) Ethylbenzene Ethylcyclohexane Othersb 
303 0 0 - - - 21.9 
 0.25 3.5 98.5 1.1 0.4  
 0.5 6.5 98.5 1.1 0.4  
313 0 0 - - - 33.7 
 0.5 10.0 97.4 1.6 1.0  
 1 20.3 97.3 1.7 1.0  
323 0 0 - - - 56.5 
 0.5 17.0 97.2 1.8 1.1  
 1 29.6 96.9 1.9 1.2  
333 0 0 - - - 90.5 
 0.25 14.2 96.4 2.0 1.5  
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a Reaction conditions: styrene 200 mmol, methanol 30 g, Ni/SiO2 (Ni 1.2wt%) 20 mg, 303-333 K, H2 8 MPa, 500 rpm. 




















303 0 0 - 20.3 
 0.25 3.3 >99.9  
 0.5 6.0 >99.9  
313 0 0 - 37.9 
 0.5 5.8 >99.9  
 1 11.3 >99.9  
323 0 0 - 53.6 
 0.5 8.4 >99.9  
 1 15.9 >99.9  
333 0 0 - 90.5 
 0.25 12.9 >99.9  















































































































a Reaction conditions: styrene 200 mmol, methanol 30 g, catalyst Ni-Ir/SiO2-1 (Ir 4wt%, Ni/Ir =1), Ir/SiO2 (Ir 4wt%), 
Ni/SiO2 (Ni 1.2wt%), 20 mg, 303-333 K, H2 8 MPa, 500 rpm. 














Vb (mmol/min/g) Ln(V(mmol/min/g)) Ea (kJ/mol) 
Ni-Ir/SiO2 303 0.0033 158.8 5.1 21.3 
 313 0.0032 219.3 5.4  
 323 0.0031 282.0 5.6  
 333 0.0030 340.4 5.8  
Ir/SiO2 303 0.0033 21.9 3.1 40.0 
 313 0.0032 33.7 3.5  
 323 0.0031 56.5 4.0  
 333 0.0030 90.5 4.5  
Ni/SiO2 303 0.0033 20.3 3.0 40.7 
 313 0.0032 37.9 3.6  
 323 0.0031 53.6 4.0  
 333 0.0030 90.5 4.5  
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TOFs (s-1) b Ea (kJ/mol) Ref. 
Ir/SiO2 5.1 10.4 41 This work 
Ni-Ir/SiO2-1 3.5 91.8 21 This work 
Ni/SiO2 7.1 26.5 40 This work 
Co/SiO2 a 8.7 10.06 77 [3] 
Ni/SiO2 a 17.4 30.2 61 [3] 
Cu/SiO2a 3.8 0.10.006 44 [3] 
Ir/SiO2 a 2 201.2 31 [3] 
Ru/SiO2 a 7.7 171 29 [3] 
Pt/SiO2 a 3.1 150.3 28 [3] 
Rh/SiO2 a 2.1 251.5 27 [3] 
Pd/SiO2 a 6.2 25415 23 [3] 
a Reaction conditions: H2 3.5 MPa, 313 K, solvent, heptane, solvent+styrene=60 ml (styrene 674 mol m-3), 1500 
rpm.  


















Figure 3-1 XRD profiles of (a) Ir/SiO2, (b) Fe-Ir/SiO2, (c) Co-Ir/SiO2, (d) Ni-Ir/SiO2 and (e) Cu-Ir/SiO2 after reduction (A) 
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Figure 3-4 XRD patterns of (a) Pt/SiO2 (4.0wt%), (b) Ni-Pt/SiO2-0.1, (c) Ni-Pt/SiO2 -0.25, (d) Ni-Pt/SiO2 -0.5, (e) 
Ni-Pt/SiO2 -1, (f) Ni-Pt/SiO2-2, (g) Ni-Pt/SiO2-4, (h) Ni-Pt/SiO2 -8, (i) Ni-Pt/SiO2 -16, and (j) Ni/SiO2 (1.2wt%) after 
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Figure 3-7 The XRD patterns of Ni-Ir/γ-Al2O3 (a), Ni-Ir/TiO2 (b), Ni-Ir/Anatase (c), Ni-Ir/VC72R (d), Ni-Ir/Rutile (e), 
Ni-Ir/ZrO2(f), Ni-Ir/CeO2 (g), Ni-Ir/MgO(h) and Ni-Ir/SiO2 (i) after reduction (A) and the expanded Figure of 
[Ni-Ir/support]-[support] (B). 
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Figure 3-8 Activity comparison in hydrogenation of styrene, 4-methylstyrene and 4-chlorostyrene over Ni/SiO2, 
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Figure 3-9 FT-IR spectra of CO adspecies on Ni/SiO2, Ir/SiO2 and Ni-Ir/SiO2 before evacuation: (a) Ir/SiO2 (4.0wt%), (b) 
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Figure 3-10 FT-IR spectra of CO adspecies on Ni/SiO2, Ir/SiO2 and Ni-Ir/SiO2 after evacuation: (a) Ir/SiO2 (4.0wt%), (b) 






























































































Figure 3-11 XPS spectra of (A) Ir 4f region (a) and (B) Ni 2p region: (a) Ni-Ir/SiO2-1 after reduction, (b) Ir/SiO2 (Ir 4wt%) 
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Figure 3-12 Effect of styrene concentration (a) and H2 pressure (b) on styrene hydrogenation using Ir/SiO2(4.0 wt%), 
Ni-Ir/SiO2-1 and Ni/SiO2 (1.2wt%). Reaction conditions: (a): styrene 200 mmol, methanol 10-40 g, catalyst 20 mg, 303 
K, H2 8 MPa, 500 rpm. (b): styrene 200 mmol, methanol 30 g, catalyst 20 mg, 303 K, 500 rpm, H2 1-8 MPa. Detailed 



























































































Figure 3-13 Isotopic effect of hydrogenation of styrene with H2 and D2. Reaction conditions: styrene 200 mmol, 
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Figure 3-14 Arrhenius plots for styrene hydrogenation over Ir/SiO2(Ir 4wt%), Ni-Ir/SiO2-1 (Ir 4wt%, Ni/Ir=1), and Ni/SiO2 
(Ni 1.2wt%) catalysts. Reaction conditions: styrene 200 mmol, methanol 30 g, catalyst Ni-Ir/SiO2-1, Ir/SiO2 (Ir 4wt%), 























































Scheme 3-1 Plausible structure of Ni-Ir/SiO2-1 (Ir 4wt%, Ni/Ir=1) catalyst 
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Scheme 3-2 Proposed reaction mechanism of hydrogenation of styrene to ethylbenzene over Ir/SiO2 (a), Ni-Ir/SiO2-1 















































Hydrogenation of pyridines and other various substrates 
over nickel–iridium alloy catalyst 
4.1 Introduction 
Piperidines are crucial building blocks and intermediates in the synthesis of both natural products 
and pharmaceuticals [1-5]. The hydrogenation of pyridines into the corresponding piperidines is 
widely used to produce piperidines in industry [6-13], and some effective catalysts such as Ir, Pt, Pd, 
Rh, Ru, Ni and Co for hydrogenation of pyridines was shown in Table 4-1. On the other hand, the 
hydrogenation of C=O and selective hydrogenation of unsaturated carbonyl are useful in perfumes, 
pharmaceuticals, and agrochemicals industry [14-22].   
In chapter 2 and 3, SiO2-supported nickel-iridium alloy (Ni-Ir alloy) showed higher activity and 
selectivity compared with the monometallic counterparts in styrene hydrogenation, where the activity 
was proportional to the amount of the isolated Ni in the Ni-Ir alloy. These results suggest that the 
single Ni atom in the Ni–Ir alloys was responsible for the high activity. In addition, Zhao et al. 
reported that Ni–Ir/TiO2 catalysts showed 4-times and 5-times higher reaction rate in hydrogenation 
of cinnamaldhyde, respectively [23]. Zhou group found that IrNi/Al2O3 catalyst showed best catalytic 
performance compared Ir nanoparticle and IrM (M=none, Fe, Co, Ni) bimetallic NPs in p-
nitrobenzaldehyde hydrogenation [24]. However, the reported Ni–Ir alloy composition was Ni-rich 
alloy or 1:1 alloy for Ni–Ir/TiO2 and IrNi/Al2O3 catalysts, respectively. To the best of my knowledge, 
the application of Ni-Ir alloy especially Ir-rich Ni-Ir alloy to pyridine hydrogenation was not reported. 
Hence, in this chapter, hydrogenation of pyridines and other various substrates such as of carbonyl 
compounds and α,β-unsaturated carbonyl compounds over Ir-rich Ni-Ir alloy catalyst was studied. 
4.2 Experimental 
4.2.1 General 
The products were analyzed by GC (Shimadzu GC-2014) and GC-MS (Shimadzu QP-5050) with 
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DB-1 capillary column (GL Sciences Inc., diameter 0.25 mm, 30 m) for hydrogenation of pyridines. 
All chemicals were purchased from commercial chemical companies and used without further 
purification. Pyridine (Sigma-Aldrich, >99.8%), piperidines (FUJIFILM Wako Pure Chemical 
Corporation, >99%), Piperidine (Tokyo Chemical Industry Co., Ltd., >99%), quinoline (Tokyo 
Chemical Industry Co., Ltd. >98%), quinoline (FUJIFILM Wako Pure Chemical Corporation, >95%), 
pyrazine (Sigma-Aldrich, >99%), 2-methylpyridine (FUJIFILM Wako Pure Chemical 
Corporation, >98%), pyrrole (Tokyo Chemical Industry Co., Ltd., >99%), thiophene (Tokyo 
Chemical Industry Co., Ltd., >99%), indole (Tokyo Chemical Industry Co., Ltd., >99%), methanol 
(Kanto Chemical Co., Inc. >99.8%), n-dodecane (Tokyo Chemical Industry Co., Ltd., >99%), ethanol 
(Kanto Chemical Co., Inc. >99.5%), THF (Tokyo Chemical Industry Co., Ltd., >99%), cyclohexane 
(Tokyo Chemical Industry Co., Ltd., >98%). 
 
4.2.2 Catalyst Preparation 
Ni-Ir/SiO2 was prepared by sequential impregnation method. Ir/SiO2 was synthesized by 
impregnating SiO2 (Fuji Silysia Ltd., G-6, calcined at 973 K, 1 h) with H2IrCl6 aqueous solution 
(Furuya Metals Co., Ltd.), and then it was dried in oven at 373 K overnight after removal of water by 
evaporation on a hotplate at 353 K. Ni was loaded on the Ir/SiO2 by impregnating Ir/SiO2 with 
Ni(NO3)2 (Wako Pure Chemical Industries, Ltd.) aqueous solution, followed by drying in oven at 373 
K overnight after removal of water by evaporation on a hotplate at 353 K. Finally, the obtained dried 
Ni-Ir/SiO2 was calcinated at 773 K for 3 h in muffle furnace. Ni-Ir/SiO2 was reduced under H2 flow 
(30 ml/min) at 773 K for 1 h just before use, and obtained catalysts were described as Ni-Ir/SiO2-X 
(T), where X is the introduced Ni/Ir molar ratio and T is the reduction temperature (if not described, 
T is 773 K). M-Ir/SiO2 (Ir 4wt%, M=Fe, Co and Cu, M/Ir=1) was prepared by the same method as 
described above for the synthesis of Ni-Ir/SiO2, but using different precursors and supports. The used 
precursors and supports are Fe(NO3)3·9H2O (Wako Pure Chemical Industries, Ltd.), Co(NO3)2·6H2O 
(Wako Pure Chemical Industries, Ltd.) and Cu(NO3)2·3H2O (Wako Pure Chemical Industries, Ltd.).  
 
4.2.3 Typical Procedure for Hydrogenation of Pyridine 
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Activity tests were conducted in a 190-ml stainless steel autoclave with an inserted glass vessel. 
The standard reaction conditions for hydrogenation of styrene are as follows: the reduced catalyst 
(typically 20 mg), a spinner and mixture of pyridine (5 mmol) and methanol (3 g) were added into 
the glass vessel in the autoclave under air except for Ni/SiO2. Ni/SiO2 catalyst was transferred into 
the autoclave in glovebox with N2 in order to avoid oxidation of Ni metal species by exposing it to 
air. The air was purged by flushing with H2 (1 MPa, 99.99%, Nippon Peroxide Co., Ltd.) three times 
after sealing the reactor and the pressure was raised to 1 MPa by H2 at room temperature. Then, the 
autoclave was heated to 353 K and H2 pressure was increased to 8 MPa and the stirring speed was 
fixed at 500 rpm. The reaction temperature was monitored by a thermocouple inserted in the autoclave. 
After the reaction, the reactor was cooled to room temperature in water bath. The liquid phase was 
transferred to a vial and then washed by 10 g ethanol. The products were analyzed by GC with DB-1 
capillary column. Conversion of the pyridine and selectivity of products were calculated by GC with 
n-dodecane (about 0.2 g) as an internal standard. TOF and TOFs was calculated as follows: TOF (min
-
1) = (Produced piperidine amount (mmol))/(total Ir and Ni metal amount (mmol))/(Time (min)), TOFs
(min-1) = (Produced piperidine amount (mmol))/(surface metal amount (mmol))/(Time (min)). The 
surface metal amount (mmol) was calculated by integration of total metal amount with dispersion 
determined by H2 adsorption. The qualitative analysis was conducted by GC-MS with DB-1 capillary 
column. 
4.2.4 Characterization 
X-ray diffraction (XRD) patterns were recorded by a diffractometer (MiniFlex600, Rigaku). Cu 
Kα (λ = 0.154 nm, 45 kV, 40 mA) radiation was used as an X-ray source. In order to precisely obtain 
the position of XRD peaks, the sample was mixed with Si powder (Wako Pure Chemical Industries, 
Ltd. 99.9%) for measurement and XRD patterns were calibrated by Si (111) of 28.42°. The average 
metal particle size was estimated using Scherrer’s equation. 
The amount of leached metals (Ir and Ni) into the reaction solution was analyzed by inductively 
coupled plasma atomic emission spectroscopy (ICP-AES, Thermo Fisher Scientific iCAP 6500). 
TG-DTA was carried out with Rigaku Thermo plus EVOⅡunder air. 
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X-ray absorption spectroscopy (XAS) was conducted at the BL01B1 station at SPring-8 with the 
approval of the Japan Synchrotron Radiation Research Institute (JASRI; Proposal No. 2018B1805). 
The storage ring was operated at 8 GeV, and a Si (111) single crystal was used to obtain a 
monochromatic X-ray beam. Two ion chambers for I0 and I were filled with 85% N2+15% Ar and 
50% N2+50% Ar, respectively, for Ir L3-edge measurement. Two ion chambers for I0 and I were filled 
with 100% N2 and 15% N2+85% Ar, respectively, for Ni K-edge measurement. The sample after the 
reduction and reaction were used for measurement. The calcinated Ni-Ir/SiO2-1 (152.6 mg) was 
pressed into self-supporting disk with 10 mm diameter and reduced at 773 K for 1 h under H2 for the 
sample after reduction, and then it was transferred to a measurement cell using a glove box filled with 
N2. The catalytic reaction was conducted in the autoclave under the same reaction conditions as the 
standard reaction conditions for the sample after reaction, and, the autoclave was also transferred to 
glove box and the catalyst was transferred to a measurement cell after drying with thickness of 2 mm. 
The thickness of the cell filled with the powder was adjusted to give an edge jump of 0.2−1 for Ir L3-
edge and Ni K-edge measurement. The EXAFS data was collected by transmission mode for Ir L3-
edge and fluorescence mode for Ni K-edge. For EXAFS analysis, the oscillation was first extracted 
from the EXAFS data using a spline smoothing method [25]. Fourier transformation of the k3-
weighted EXAFS oscillation from the k space to the r space was performed to obtain a radial 
distribution function. The inversely Fourier filtered data were analyzed using a usual curve fitting 
method [26, 27]. For curve fitting analysis, the empirical phase shift and amplitude function for the 
Ir−Ir bond and Ni-Ni bond were extracted from the data for Ir powder and Ni foil. Theoretical 
functions for Ir-Ni bond and Ni-Ir bond were calculated by the FEFE8.2 program [28]. Analyses of 
EXAFS and XANES data were performed using a computer program (REX2000, ver. 2.6.0; Rigaku 
Corporation).  
 
4.3 Results and discussion 
4.3.1 Optimization of Ni loading amount of Ni-Ir/SiO2 in hydrogenation of pyridine 
As shown in Table 4-2 and Figure 4-1, the hydrogenation of pyridine over Ni-Ir/SiO2 (Ir 4wt%), 






4 h and no conversion was observed for Ni/SiO2 even after 24 h. The conversion with Ni/Ir molar 
ratio from 0.03 to 0.1 was very low, and drastically increased with increasing Ni/Ir molar from 0.15 
to 1. However, the activity kept stable at higher Ni/Ir molar ratio between 1 and 8, then the conversion 
a little decreased to 10.6% at Ni/Ir ratio of 16, which was similar to that in olefin hydrogenation in 
chapter 2. In order to precisely evaluate the activity, turnover frequency (TOFs) was estimated on the 
basis of the surface metal amount determined by H2 adsorption, and the relationship between TOFs 
and alloy composition of Ni/(Ni + Ir) was shown in Table 4-3 and Figure 4-2. Ir/SiO2 showed a TOFs 
of 0.17 min-1, and drastically increased with increasing alloy composition from 0.06 to 0.24, a 
maximum TOFs of 3.8 min
−1 was achieved at alloy composition of 0.24, which was 19 times larger 
than that over Ir/SiO2. However, the TOFs drastically decreased at higher alloy composition more 
than 0.24. The relationship between TOFs and alloy composition was similar to that in styrene 
hydrogenation. Therefore, the Ni-Ir/SiO2-1 was selected as a candidate catalyst in the following 
studies. Furthermore, the time-course over Ni-Ir/SiO2-1 using 0.1 g catalyst was shown in Table 4-4 
and Figure 4-3, the hydrogenation of pyridine reaction over Ni-Ir/SiO2-1 smoothly proceeded and 
100% conversion was obtained with high selectivity to piperidines of above 99.9% at 24 h.  
 
4.3.2 Effect of the second metal in M-Ir/SiO2 catalysts (M=Fe, Co, Ni and Cu) in pyridine 
hydrogenation 
The performance of non-noble metal supported Ir/SiO2, M-Ir/SiO2 (M=Fe, Co, Ni and Cu), 
catalysts was scrutinized in pyridine hydrogenation (Table 4-5 and Figure 4-4). Conversion was not 
improved over Fe-Ir/SiO2 and Cu-Ir/SiO2 catalysts (entries 2 and 5) in comparison with Ir/SiO2. 
However, the introduction of Co also increased the conversion compared with Ir/SiO2. Ni was the 
most effective non-noble metal among the tested ones in terms of conversion, which was same as that 
in olefin hydrogenation in chapter 3. Overall, Ni is the most effective additive metal to Ir/SiO2 in 
pyridine hydrogenation among non-noble metals (Fe, Co, Ni and Cu). 
 
4.3.3 Effect of solvents in pyridine hydrogenation 
The effect of solvent in hydrogenation of pyridine over Ni-Ir/SiO2-1 catalyst was shown in Table 
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4-6 and Figure 4-5. Methanol (14.5%) and ethanol (12.6%) showed better conversion than 2-propanol 
(10.7%), THF (9.9%) and water (7.8%). However, the non-polar solvent cyclohexane showed the 
lowest conversion of 4.6% among the solvent tested. Therefore, polar solvent was preferable in 
pyridine hydrogenation. 
 
4.3.4 Scope of substrates in the hydrogenation of N-heterocyclic compounds  
Table 4-7 showed the scope of substrates in the hydrogenation of N-heterocyclic compounds over 
Ni-Ir/SiO2-1. The activity for hydrogenation of 2-methylpyridine was almost the same as that of 
pyridine and the activity for pyrazine hydrogenation was little lower than that of hydrogenation of 2-
methylpyridine and pyridine. No products were detected in hydrogenation of pyrrole and thiophene. 
Furthermore, the activity of quinoline hydrogenation was the largest among these substrates. However, 
the activity of isoquinoline hydrogenation was much lower than that of quinolone. In addition, 
hydrogenation of pyridine, 2-methylpyridine and pyrazine was studied with Ni–Ir/SiO2-1, Ni/SiO2 
and Ir/SiO2 catalysts in Table 4-8 and Figure 4-6. Ni-Ir/SiO2 showed 15.3% conversion with 
selectivity of above 99.9% after 4 h for 2-methylpyridine hydrogenation, the activity for 2-
methylpyridine hydrogenation was almost same as that of pyridine. However, the ring-open product 
2-hexylamine was observed over Ir/SiO2, and 4.3% conversion with 90% selectivity toward 2-
methylpiperdine was obtained after 12 h. The TOFs over Ni–Ir/SiO2-1 was more than 19 times higher 
than those over the Ir/SiO2 in pyridine hydrogenation. The TOFs over Ni–Ir/SiO2-1 was more than 13 
times higher than those over the Ir/SiO2 and Ni/SiO2 in 2-methylpyridine hydrogenation. In 
hydrogenation of pyrazine, the TOFs over Ni–Ir/SiO2-1 was 2.5 min
-1, and no activity was observed 
over Ir/SiO2 and Ni/SiO2. 
 
4.3.5 Catalyst stability  
The reusability of Ni-Ir/SiO2-1 was investigated in Table 4-9 and Figure 4-7. First, the used catalyst 
was washed with methanol (10 g) and dried for next use. The conversion of the second run was half 
of the first run and gradually decreased at the third and fourth runs. In order to investigate the reason 






ICP, showing that the leached Ir and Ni metal species were below <0.1%, therefore the leaching was 
not the main reason for deactivation. Furthermore, characterization of the used catalyst by XRD 
(Figure 4-8) and XAS analyses (Figure 4-9–4-12, Tables 4-10-4-11) showed that the catalyst structure 
was not changed. Furthermore, as shown in Table 4-9 and Figure 4-13, the pretreatment was carried 
out, the conversion of the second run was half of the first run despite of different pretreated conditions. 
TG-DTA (Figure 4-14) showed that some substrates or products were adsorbed on the catalyst surface. 
The deposit on the catalyst surface could be removed from 500 to 773 K, and the deactivation of Ni-
Ir/SiO2-1 may be related to the strong adsorption of the deposit derived from pyridine hydrogenation. 
In the near future, the used catalyst will be calcinated at 723 K for 1 h and reduced at 773 K for 1 h 
for next run.  
 
4.3.6 Kinetic studies with Ni-Ir/SiO2-1 and Ir/SiO2 catalysts 
Furthermore, kinetic studies on effect of pyridine concentration and H2 pressure was investigated 
using Ir/SiO2 and Ni-Ir/SiO2-1 in Figure 4-15 (a) and (b). The reaction orders with respect to pyridine 
concentration were estimated to be -0.1 and -0.4 for Ir/SiO2 and Ni-Ir/SiO2-1, respectively, indicating 
that the adsorption of pyridine was strengthened by addition of Ni. The reaction orders with respect 
to H2 pressure were estimated to be 0.6 and 0.9 for Ir/SiO2 and Ni-Ir/SiO2-1, respectively, which was 
same as that in hydrogenation of styrene, indicating that the rate-determining step was changed by 
addition of Ni. 
  
4.3.7 Scope of various substrates 
In addition to olefin hydrogenation and pyridine hydrogenation, the catalytic applications in 
hydrogenation of carbonyl compounds over Ni-Ir alloy catalyst were investigated. As shown in Figure 
4-16, Ni-Ir/SiO2-1 exhibited 10-times higher activity in selective hydrogenation of C＝C of 
crotonaldehyde compared with Ir/SiO2 and Ni/SiO2, and 18-times activity enhancement was obtained 
over Ni-Ir/SiO2-1 than that over Ir/SiO2 and Ni/SiO2 in hydrogenation of C＝C of benzylideneactone. 
Furthermore, Ni-Ir/SiO2-1 also exhibited higher activity in hydrogenation of butyraldehyde, 
benzaldehyde, acetophenone, butan-2-one, furfural and furfuryl alcohol in comparison with Ir/SiO2 
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and Ni/SiO2 in Figure 4-17, and Ni-Ir/SiO2-1 showed largest activity enhancement (19-times) than 
monometallic catalysts for hydrogenation of pyridine among these substrates. In a word, Ni-Ir/SiO2 
showed wide application in hydrogenation of various unsaturated group. However, as shown in Figure 
4-18, the activity over Ni-Ir/SiO2-1 was lower than that of Ir/SiO2 in hydrogenation of quinoline and 
ethylbenzene, indicating that the activity was related to the structure of substrates. 
 
4.4 Conclusions 
Ni-Ir/SiO2-1 showed maximum TOFs of 3.8 min
-1 at alloy composition of Ni/(Ni+Ir)=0.24, which 
was 19-times higher than that over monometallic Ir/SiO2 and Ni/SiO2, and Ni was the most effective 
additive metal to Ir/SiO2 among non-noble metals (Fe, Co, Ni and Cu) for pyridine hydrogenation, 
which was similar to that in styrene hydrogenation in chapter 2 and 3. Ni-Ir/SiO2-1 also exhibited 
much higher activity than monometallic Ir and Ni catalysts for hydrogenation of 2-methylpyridine 
and pyrazine. However, Ni-Ir/SiO2-1 cannot be directly reused without pretreatment because of strong 
adsorption of some substrates or products derived from pyridine hydrogenation. In addition, activity 
enhancement was also observed in the selective hydrogenation of C＝C of crotonaldehyde and 
benzylideneactone over Ni-Ir/SiO2-1 compared with Ir/SiO2 and Ni/SiO2. Furthermore, Ni-Ir/SiO2-1 
also exhibited higher activity in hydrogenation of butyraldehyde, benzaldehyde, acetophenone, 
butan-2-one, furfural and furfuryl alcohol in comparison with Ir/SiO2 and Ni/SiO2, and Ni-Ir/SiO2-1 
exhibited largest activity enhancement (19-times) than monometallic catalysts for hydrogenation of 
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Ir NPs Quinoline [BMIM]PF6 3 323 10 94.4 >99.9 7.9 85.7 [29] 
Ir/C Quinoline [BMIM]PF6 3 323 10 18.8 >99.9 1.6 — [29] 
Pt nanocatalyst Quinoline 
1-pentanol 4 mL, water 
4 mL 
3 353 3 48 >99.9 160 300 [30] 
Pt nanocatalyst Quinoline 
1-pentanol 4 mL, water 
4 mL 
3 403 3 99 >99.9 330 619 [30] 
Pt nanocatalyst Isoquinoline 
1-pentanol 4 mL, water 
4 mL 
3 403 3 98 >99.9 163 306 [30] 
Pd/C Quinoline Methanol 0.1 353 4 83 >99.9 — — [31] 
Pd@CIL-900 Quinoline Methanol 0.1 353 4 98 >99.9 — 179 [31] 
Rh/MgO Pyridine Neat 1 423 — — >99.9 — 44600 [32] 
Rh/MgO Quinoline Neat 4 423 — — >99.9 — 18500 [32] 
Rh/MgO Isoquinoline Neat 4 423 — — >99.9 — 4900 [32] 




Neat 2 303 2 100 >99.9 — 238 [33] 
Rh0.2 Quinoline Neat 2 303 2 100 75 — 238 [33] 
Rh0.2 Quinoline NNeat 2 333 0.5 100 75 — 496 [33] 
Ru/PVPy Pyridine THF 1 393   >99.9 — 12 [34] 
Ru/PVPy Pyridine THF 5 423 -  >99.9 — 101 [34] 
Ru/PVPy Quinoline THF 1 393   99 — 19 [34] 
Ru/PVPy Quinoline THF 5 423 -  29 — 171 [34] 
Nickel Nanoparticles Quinoline Ethanol 3 348 10 99.9 99.1 11.5 28.8 [35] 
Raney Ni Quinoline Ethanol 3 348 10 83.3 90.0 6.0 — [35] 
Co/Melamine-6@TiO2-
800-5 
Pyridine Methanol 6 433 36 99 >99.9 — — [36] 
Co/Melamine-6@TiO2-
800-5 
Pyridine Water 6 433 36 85 >99.9 — — [36] 




Methanol 8 353 4 15.9 >99.9 22.8 240 This work 
Ni-Ir/SiO2-1 Quinoline Methanol 8 353 4 37.1 98.3 54.3 573 This work 




Table 4-2 The hydrogenation of pyridine over Ni-Ir/SiO2 (Ir 4wt%), Ir/SiO2 (Ir 4wt%) and Ni/SiO2 (Ni 1.2wt%) a 
 








1 Ir/SiO2 — 0 0 — 
0.044 0.20 2 Ir/SiO2 — 4 0.74 >99.9 
4 Ir/SiO2 — 12 2.70 >99.9 
5 Ni-Ir/SiO2 0.03 0 0 — 
0.0056 0.03 6 Ni-Ir/SiO2 0.03 4 0.14 >99.9 
7 Ni-Ir/SiO2 0.03 12 0.34 >99.9 
8 Ni-Ir/SiO2 0.05 0 0 - 
0.0037 0.02 9 Ni-Ir/SiO2 0.05 4 0.09 >99.9 
10 Ni-Ir/SiO2 0.05 8 0.15 >99.9 
11 Ni-Ir/SiO2 0.1 0 0 — 
0.0076 0.04 12 Ni-Ir/SiO2 0.1 4 0.16 >99.9 
13 Ni-Ir/SiO2 0.1 12 0.50 >99.9 
14 Ni-Ir/SiO2 0.15 0 0 - 
0.048 0.32 15 Ni-Ir/SiO2 0.15 4 1.0 >99.9 
16 Ni-Ir/SiO2 0.15 12 3.4 >99.9 
17 Ni-Ir/SiO2 0.2 0 0 — 
0.16 1.15 18 Ni-Ir/SiO2 0.2 2 2.0 >99.9 
19 Ni-Ir/SiO2 0.2 4 3.8 >99.9 
20 Ni-Ir/SiO2 0.25 0 0 — 
0.19 1.6 21 Ni-Ir/SiO2 0.25 2 2.6 >99.9 
22 Ni-Ir/SiO2 0.25 4 4.7 >99.9 
23 Ni-Ir/SiO2 0. 5 0 0 - 
0.40 3.7 24 Ni-Ir/SiO2 0. 5 2 6.2 >99.9 
25 Ni-Ir/SiO2 0.5 4 13.5 >99.9 
26 Ni-Ir/SiO2 1 0 0 — 
0.36 3.8 27 Ni-Ir/SiO2 1 2 6.2 >99.9 
28 Ni-Ir/SiO2 1 4 12.8 >99.9 
29 Ni-Ir/SiO2 (1073 K) 1 4 3.1 >99.9 0.077 0.81 
30 Ni-Ir/SiO2 (1173 K) 1 4 0.37 >99.9 0.0093 0.15 
31 Ni-Ir/SiO2 2 0 — — 
0.23 3.4 32 Ni-Ir/SiO2 2 2 6.5 >99.9 
33 Ni-Ir/SiO2 2 4 14.2 >99.9 
34 Ni-Ir/SiO2 4 0 — — 
0.14 — 35 Ni-Ir/SiO2 4 2 6.6 >99.9 
36 Ni-Ir/SiO2 4 4 13.8 >99.9 
37 Ni-Ir/SiO2 8 0 - - 
0.081 1.41 38 Ni-Ir/SiO2 8 2 7.3 >99.9 









40 Ni-Ir/SiO2 16 0 - - 
0.035 — 41 Ni-Ir/SiO2 16 2 4.6 >99.9 
42 Ni-Ir/SiO2 16 4 10.6 >99.9 
43 Ni/SiO2 ∞ 2 <0.1 — 
— — 44 Ni/SiO2 ∞ 4 <0.1 — 
45 Ni/SiO2 ∞ 24 <0.1 — 
  
   

































































































































































































































































































Produced piperidine amount  mmol 
Total Ir and Ni amount  mmol ×(Reaction time(min)
 
TOF𝑠=
Produced piperidine amount  mmol 
Surface Ir and Ni amount  mmol ×(Reaction time(min)
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Table 4-3 The relationship between Ni/Ir ratio in alloy and TOFS in pyridine hydrogenation a 
Entry Catalyst Introduced Ni/Ir ratio Ni/(Ni+ Ir) b/% 
TOFs (min-
1) 
1 Ir/SiO2 — 0 0.20 
2 Ni-Ir/SiO2 0.03 1 0.03 
3 Ni-Ir/SiO2 0.05 2 0.02 
4 Ni-Ir/SiO2 0.1 5 0.04 
5 Ni-Ir/SiO2 0.15 6 0.46 
6 Ni-Ir/SiO2 0.20 7 1.15 
7 Ni-Ir/SiO2 0.25 8 1.61 
8 Ni-Ir/SiO2 0.5 16 3.67 
9 Ni-Ir/SiO2 1 24 3.82 
10 Ni-Ir/SiO2(1073 K) 1 29 0.81 
11 Ni-Ir/SiO2(1173 K) 1 39 0.15 
12 Ni/SiO2 1 100 0 
a Reaction conditions: catalyst 0.02 g, pyridine 5 mmol, methanol 3 g, H2 8 MPa, stirring speed 500 rpm, 353 K. 
















a Reaction conditions: catalyst 0.1 g, pyridine 5 mmol, methanol 3 g, H2 8 MPa, stirring speed 500 rpm, 353 K, 2-24 h. 
  
Catalyst  t/h Conv./% Sel./% 
Ni-Ir/SiO2-1 0 0 — 
Ni-Ir/SiO2-1 2 37.7 >99.9 
Ni-Ir/SiO2-1 4 64.3 >99.9 
Ni-Ir/SiO2-1 8 98.9    >99.9 
Ni-Ir/SiO2-1 12 99.6    >99.9 
Ni-Ir/SiO2-1 24    >99.9    >99.9 




Table 4-5 The effect of the second metal of M-Ir/SiO2 catalysts (M=Fe, Co, Ni and Cu) in pyridine hydrogenation a  
Entry Catalyst Conv./% Sel./% 
1 (Ir/SiO2) 0.74 >99.9 
2 Fe-Ir/SiO2 <0.1 — 
3 Co-Ir/SiO2 2.6 >99.9 
4 Ni-Ir/SiO2 14.5 >99.9 
5 Cu-Ir/SiO2 <0.1 — 
6 (Ni/SiO2) <0.1 — 































Table 4-6 The effect of solvent in pyridine hydrogenation a  
Entry Catalyst Conv./% Sel./% 
1 methanol 14.5 >99.9 
2 ehanol 12.6 >99.9 
3 2-propanol 10.7 >99.9 
4 THF 9.9 >99.9 
5 water 7.8 >99.9 
6 cyclohexane 4.6 >99.9 
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Table 4-7 Scope of substrates in the hydrogenation of heterocyclic compounds over Ni-Ir/SiO2-1 a 
Entry Substrate Conv.% Product (Selectivity /%) 
1 14.5 (>99.9) 
2 15.3 (>99.9) 
3 9.4 (>99.9) 
4 37.1 (98.3) (1. 7) 
5 1.5 (>99.9) 
6 <0.1 - 
7 16.5 (97.5)  (2.5) 
8 <0.1 - 

































Table 4-8 Hydrogenation of pyridine, 2-pyridine and pyrazine over Ni-Ir/SiO2-1, Ir/SiO2 and Ni/SiO2 a 
Entry Substrate Catalyst t/h 
Conv. 
/% 




















Ir/SiO2 12 2.70 (>99.9) 
5 
 
Ni/SiO2 4 <0.1 
— — — 
6 
 
Ni/SiO2 24 <0.1 
7 
 




Ni-Ir/SiO2 4 15.3   (>99.9) 
9 
 
Ir/SiO2 12 4.3 
     (90)             (10) 0.07 0.3 
10 
 
Ni/SiO2 24 0.4    (>99.9) 0.0033 0.034 
7 
 
Ni-Ir/SiO2 4 9.4 




Ir/SiO2 4 <0.1 
— — — 
10 
 
Ir/SiO2 24 <0.1 
11 
 
Ni/SiO2 24 <0.1 — — — 





















































































1 — 1 37.7 >99.9 
2 a — 2 16.3 >99.9 
3 b H2 773 K, 1h 2 16.7 >99.9 
4 c 
Air, 673, 1 h and 
H2 773 K, 1 h  
2 17.7 >99.9 
5 a — 3 14.8 >99.9 
6 a — 4 12.9 >99.9 
a Reaction conditions: pyridine 5 mmol, methanol 3 g, H2 8 MPa, stirring speed 500 rpm, 353 K, 2 h.  
The catalyst was recovered from the reaction mixture by centrifugation. After washing with ethanol (20 g) and drying, the 
catalyst was directly used (a) or reduced at 773 K for 1 h (b) or calcinated at 673 K in air for 1 h and reduced at 773 K for 





Table 4-10 Curve fitting results of Ir L3-edge EXAFS of Ni−Ir/SiO2-1 after reduction and after reaction 
Catalyst Condition Shells CNa R / 10-1 nmb σ / 10-1 nmc ΔE0 / eVd Rf / %e 
Ni-Ir/SiO2-1f after reduction 
Ir-Ir 8.9 2.73 0.064 -3.6 
0.3 
Ir-Ni 2.4 2.59 0.066 9.9 
Ni−Ir/SiO2-1 after reaction 
Ir-Ir 8.9 2.73 0.069 -2.2 
0.3 
Ir-Ni 2.4 2.60 0.068 9.8 
Ir powder – Ir−Ir 12 2.77 0.060 0 – 
aCoordination number. bBond distance. cDebye-Waller factor. dDifference in the origin of photoelectron energy between the 
reference and the sample. eResidual factor. Fourier filtering range: 0.168–0.322 nm. 
fThe data are cited from [37]. 
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Table 4-11 Curve fitting results of Ni K-edge EXAFS of Ni−Ir/SiO2-1 after reduction and after reaction 
Catalyst Condition Shells CNa R / 10-1 nmb σ / 10-1 nmc ΔE0 / eVd Rf / %e 
Ni-Ir/SiO2-1f after reduction 
Ni−Ni 5.8 2.50 0.099 -7.8 
1.6 
Ni−Ir 2.4 2.60 0.071 0.5 
Ni−Ir/SiO2-1 after reaction 
Ni−Ni 5.8 2.51 0.093 -2.3 
0.7 
Ni−Ir 2.4 2.60 0.079 -4.0 
Ni foil Ni−Ni 12 2.49 0.06 0 – 
aCoordination number. bBond distance. cDebye-Waller factor. dDifference in the origin of photoelectron energy between the 
reference and the sample. eResidual factor. Fourier filtering range: 0.150–0.298 nm. 



















































/ min-1  
2.18 0 0 – 0.30 
 2 6.2 >99.9  
 4 11.7 >99.9  
1.19 0 0 – 0.36 
 2 7.2 >99.9  
 4 14.5 >99.9  
0.62 0 0 – 0.50 
 2 10.4 >99.9  
 4 19.7 >99.9  
0.42 0 0 – 0.55 
 2 10.8 >99.9  


































































































































/ min-1  
2.18 0 0 – 0.047 
 4 5.4 >99.9  
 12 13.7 >99.9  
1.19 0 0 – 0.045 
 4 4.8 >99.9  
 12 13.6 >99.9  
0.62 0 0 – 0.053 
 4 5.5 >99.9  
 12 15.7 >99.9  
0.42 0 0 – 0.053 
 4 6.3 >99.9  












































































































a Reaction conditions: pyridine 5 mmol, methanol 1.5-9 g, catalyst: 20 mg for Ni-Ir/SiO2 and 100 mg for Ir/SiO2, 353 K, H2 


























Ln (pyridine concentration 
/M) 
TOF/ min-1 Ln(TOF/ min-1) 
Ni-Ir/SiO2 2.18 0.78 0.30 -1.2 
 1.19 0.18 0.36 -1.0 
 0.62 -0.47 0.50 -0.70 
 0.42 -0.86 0.55 -0.60 
Ir/SiO2 2.18 0.78 0.047 -3.1 
 1.19 0.18 0.045 -3.1 
 0.62 -0.47 0.053 -2.9 
 0.42 -0.86 0.053 -2.9 















































/ min-1  
1 MPa 0 0 – 0.054 
 2 1.0 >99.9  
 4 2.2 >99.9  
2 MPa 0 0 – 0.12 
 2 2.2 >99.9  
 4 4.8 >99.9  
4 MPa 0 0 – 0.21 
 2 4.4 >99.9  
 4 8.2 >99.9  
6 MPa 0 0 – 0.29 
 2 6.0 >99.9  
 4 11.5 >99.9  
8 MPa 0 0 – 0.36 
 4 4.8 >99.9  


























































































































































/ min-1  
2MPa 0 0 – 0.092 
 9 4.5 >99.9  
 12 6.1 >99.9  
4 MPa 0 0 – 0.14 
 8 5.6 >99.9  
 12 9.7 >99.9  
6 MPa 0 0 – 0.18 
 2 6.6 >99.9  
 4 11.8 >99.9  
8 MPa 0 0 – 0.21 
 2 7.2 >99.9  
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Table 4-17 Hydrogenation of styrene over Ir/SiO2, Ni-Ir/SiO2-1 and Ni/SiO2 catalysts at various H2 pressures a 
a Reaction conditions: pyridine 5 mmol, methanol 3 g, catalyst: 20 mg for Ni-Ir/SiO2 and 100 mg for Ir/SiO2, 303 K, H2 1-8 




Ln(H2 pressure/MPa) TOF/ min-1 Ln(TOF/ min-1) 
Ni-Ir/SiO2 1 0 0.054 -2.9 
2 0.7 0.12 -2.1 
4 1.4 0.21 -1.6 
6 1.8 0.29 -1.2 
8 2.1 0.36 -1.0 
Ir/SiO2 2 0.7 0.092 -2.4 
4 1.4 0.14 -2.0 
6 1.8 0.18 -1.7 








Figure 4-1 Effect of Ni loading amount of Ni-Ir/SiO2 in hydrogenation of pyridine a  










































0.2 0.5 2 8 (1.2wt%Ni/SiO2)
0.05 0.25 1 4





Figure 4-2 The relationship between Ni/Ir ratio in alloy and TOFs in pyridine hydrogenation a 





























Figure 4-3 Time-course of hydrogenation of pyridine over Ni–Ir/SiO2-1 a 






































































   
Figure 4-4 The effect of the second metal of M-Ir/SiO2 catalysts (M=Fe, Co, Ni and Cu) in pyridine hydrogenation a  
(black circle: conversion, white bar: selectivity.) 



















































Figure 4-5 The effect of solvent in pyridine hydrogenation a (black circle: conversion, white bar: selectivity.) 








































































Figure 4-6 Activity comparison in hydrogenation of various substrates over Ni-Ir/SiO2-1, Ni/SiO2 and Ir/SiO2 catalysts. 

































CH3OH 3 g, 353 K
+  H2




















CH3OH 3 g, 353 K
+  H2
























CH3OH 3 g, 353 K
+  H2


































Figure 4-7 The reusability of pyridine hydrogenation over Ni-Ir/SiO2-1 
(black circle: conversion, white bar: selectivity.) 
Reaction conditions: pyridine 5 mmol, methanol 3 g, H2 8 MPa, stirring speed 500 rpm, 353 K, 2 h.  
The catalyst was recovered from the reaction mixture by centrifugation. After washing with methanol (10 g) and drying, 
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Figure 4-9 Ir L3-edge XANES spectra of Ni-Ir/SiO2-1 catalysts and related compounds. (a) Ir powder, (b) IrO2, (c) Ni-Ir/SiO2-
1 after reduction a, (d) Ni-Ir/SiO2-1 after reaction. 
aThe data are cited from [37]. 























Figure 4-10 Ni K-edge XANES spectra of Ni-Ir/SiO2-1 catalysts and related compounds. (a) Ni foil, (b) NiO, (c) Ni-Ir/SiO2-
1 after reduction a, (d) Ni-Ir/SiO2-1 after reaction. 























































Figure 4-11 Results of Ir L3-edge EXAFS analyses of various Ir samples. (A) k3-weighted Ir L3-edge EXAFS oscillations, 
(B) FT of k3-weighted Ir L3-edge EXAFS, FT range 30-130 nm-1, (C) Fourier filtered Ni K-edge EXAFS data (solid line) and 
calculated data (dotted line). Fourier filtering range: 0.15-0.298 nm. (a) Ir powder, (b) IrO2, (c) Ni-Ir/SiO2-1 after reduction 
a, (d) Ni-Ir/SiO2-1 after reaction. 
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Figure 4-12 Results of Ir K-edge EXAFS analyses of various Ni samples. (A) k3-weighted Ni K-edge EXAFS oscillations. 
(B) FT of k3-weighted Ni K-edge EXAFS, FT range 30-130 nm-1. (C) Fourier filtered Ni K-edge EXAFS data (solid line) and 
calculated data (dotted line). Fourier filtering range: 0.15-0.298 nm. (a) Ni foil, (b) NiO, (c) Ni-Ir/SiO2-1 after reduction a, (d) 
Ni-Ir/SiO2-1 after reaction. 
aThe data are cited from [37]. 
















































Figure 4-13 The reusability of pyridine hydrogenation over Ni-Ir/SiO2-1 in different pretreated conditions 
Reaction conditions: pyridine 5 mmol, methanol 3 g, H2 8 MPa, stirring speed 500 rpm, 353 K, 2 h.  
The catalyst was recovered from the reaction mixture by centrifugation. After washing with methanol (10 g) and drying, 
the catalyst was directly used (a) or reduced at 773 K for 1 h (b) or calcinated at 673 K in air for 1h and reduced at 773 K 
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Figure 4-15 Effect of styrene concentration (a) and H2 pressure (b) on pyridine hydrogenation using Ir/SiO2 (4.0 wt%) and 
Ni-Ir/SiO2-1. Reaction conditions: (a): pyridine 5 mmol, methanol 1.5-9 g, catalyst: 20 mg for Ni-Ir/SiO2 and 100 mg for 
Ir/SiO2, 353 K, H2 8 MPa, 500 rpm, H2 8 MPa. (b): pyridine 5 mmol, methanol 3 g, catalyst: 20 mg for Ni-Ir/SiO2 and 100 
mg for Ir/SiO2, 303 K, 500 rpm, H2 1-8 MPa. Detailed results for (a) and (b) are shown in Tables 4-12-4-14 and 4-15-4-17, 
respectively. 
y = 0.9027x - 2.8472
R² = 0.9932
slope=0.4




































y = -0.3971x - 0.919
R² = 0.9905
slope=0.4
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Figure 4-16 Activity comparison in hydrogenation of styrene, pyridine, crotonaldehyde and benzaldehyde over Ni/SiO2, 
Ni-Ir/SiO2-1 and Ir/SiO2 catalysts. 
Catalyst (20 mg)
H2O 3 g, 303 K, 0.5 h
+  H2














































CH3OH 30 g, 303 K
Catalyst (20 mg)
+   H2
(8 MPa)(200 mmol)
Catalyst (20 mg)
CH3OH 3 g, 353 K
+  H2































CH3OH 3 g, 303 K, 0.5 h
+  H2






















Figure 4-17 Activity comparison in hydrogenation of butyraldehyde, benzaldehyde, acetophenone, butan-2-one, furfural 
and furfuryl alcohol  
Catalyst (20 mg)
CH3OH 3 g, 303 K, 0.5 h
+  H2




















H2O 5 g, 303 K
+  H2

























CH3OH 5 g, 303 K, 0.5 h
+  H2

















CH3OH 5 g, 303 K, 0.5 h
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CH3OH 3 g, 303 K, 0.5 h
+  H2






H2O 5 g, 303 K, 0.5 h
+  H2













































Hydrogenation of pyridines and other various substrates over nickel–iridium alloy catalyst 
162

















CH3OH 3 g, 353 K, 4 h
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In this thesis, the author investigated the performance and characterization of Ir-alloyed Ni 
single atom catalyst for catalytic hydrogenation of olefin, pyridines and carbonyl compounds. 
Nickel and iridium supported on SiO2 (Ni–Ir/SiO2) acted as an effective catalyst for 
hydrogenation of olefins, and it showed higher activity and selectivity than the monometallic 
counterparts. Ni-Ir/SiO2-1 (1 was the introduced Ni/Ir molar ratio) was selected as a candidate 
catalyst in terms of activity, and it can be reused four times without change of conversion and 
selectivity. Furthermore, Ni–Ir/SiO2-1 is composed of Ni–Ir alloys and Ni particles based on 
various characterizations. In addition, the relationship between the turnover frequency based on 
the number of surface metal atoms (TOFs) and alloy composition of Ni/(Ni + Ir) showed that the 
TOFs increased with increasing the alloy composition up to 0.16, reaching a maximum TOFs of 
4190 min−1. However, the TOFs decreased at a higher alloy composition, suggesting that the high 
Ni content in the alloy is not preferable for the reaction. The change of the isolated Ni amount in 
Ni-Ir/SiO2 with different Ni loading amount is quite similar to that of the TOFs, particularly 
below 0.24 of alloy composition of Ni/(Ni + Ir), and a good linear relationship between TOFs 
and the isolated Ni amount was obtained, which strongly suggests that the isolated Ni atom in the 
Ni–Ir alloy can be the main active site for the reaction. Substrate scope exhibited that Ir-alloyed 
Ni single atom was effective for hydrogenation of olefins, not aromatics. (Chapter 2) 
Ni-Ir/SiO2-1 catalyst was found to show much higher activity than Ir/SiO2 and Ni/SiO2 and 
the isolated Ni atom in Ni-Ir alloy can be responsible for the high activity. The author scrutinized 
the scope of bimetallic catalysts systems of non-noble metal and noble metals in hydrogenation 
of styrene as a model reaction. In addition to Ni-Ir/SiO2-1 catalyst, Co-Ir/SiO2-4 and 
Ni-Pt/SiO2-0.25 catalysts also showed higher conversion and selectivity than the monometallic 
counterpart catalysts, however, Ni-Ir/SiO2-1 was more preferable than these catalysts in terms of 
activity, and SiO2 was the best support for styrene hydrogenation among Ni-Ir/support catalysts. 
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Furthermore, kinetic studies on effect of substrate concentration and H2 pressure was 
investigated, and the reaction orders with respect to styrene concentration were estimated to be 
0.0, 0.1 and 0.0 for Ir/SiO2, Ni/SiO2 and Ni-Ir/SiO2-1, respectively, while the reaction orders 
with respect to H2 pressure were estimated to be 0.4, 1.0 and 1.0 for Ir/SiO2, Ni/SiO2 and 
Ni-Ir/SiO2-1, respectively, indicating that the rate-determining step was the second 
hydrogenation step for Ni-Ir/SiO2-1. Moreover, the isotopic effect in hydrogenation of styrene 
with H2 and D2 was investigated. The ratio of VH2/VD2 was calculated to be 1.5, which suggests 
that the rate-determining step includes the reaction with H atom. The apparent activation 
energies (Ea) were estimated with Ni-Ir/SiO2-1, Ir/SiO2 and Ni/SiO2 catalysts to be 21, 40 and 41 
kJ/mol, respectively, suggesting that the reaction mechanism at the second hydrogenation step as 
the rate-determining step over Ni-Ir/SiO2-1 was different from that of Ni/SiO2 catalyst. Based on 
the above results, the rate-determining step for Ni-Ir/SiO2-1 is hydrogenation of the 
half-hydrogenated styrene adspecies on Ir metals by H atom on Ir metals, and it requires Ir-Ir 
pair sites. Hydrogenation was facilitated by the electron transfer from Ni to Ir on Ni-Ir alloys. 
Therefore, small amount of Ni metals, just formation of single Ni atom in Ni-Ir alloys, is 
preferable for hydrogenation of styrene. (Chapter 3) 
In addition to olefin hydrogenation, the author extended the catalytic application to 
hydrogenation of pyridine and carbonyl compounds over Ni-Ir alloy catalyst. Ni-Ir/SiO2-1 
showed maximum TOFs of 3.8 min
-1 at alloy composition of Ni/(Ni+Ir)=0.24 and Ni was the 
most effective additive metal to Ir/SiO2 among non-noble metals (Fe, Co, Ni and Cu) in 
hydrogenation of pyridine, which was similar to that in styrene hydrogenation. Ni-Ir/SiO2-1 also 
exhibited much higher activity than monometallic Ir and Ni catalysts in hydrogenation of 
2-methylpyridine and pyrazine. However, Ni-Ir/SiO2-1 cannot be directly reused without 
pretreatment because of strong adsorption of substrates in pyridine hydrogenation. In addition, 
activity enhancement was also observed in the selective hydrogenation of C ＝ C of 
crotonaldehyde and benzylideneactone over Ni-Ir/SiO2-1 compared with Ir/SiO2 and Ni/SiO2. 
Furthermore, Ni-Ir/SiO2-1 also exhibited higher activity in hydrogenation of butyraldehyde, 
benzaldehyde, acetophenone, butan-2-one, furfural and furfuryl alcohol in comparison with 
Summary 
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Ir/SiO2 and Ni/SiO2, and Ni-Ir/SiO2-1 showed the largest activity enhancement (19-times) than 
monometallic catalysts for pyridine hydrogenation among these substrates. (Chapter 4) 
Single atom alloys (SAAs) often shows unique and superior catalytic performance by 
comparison to their monometallic counterparts. In this study, Ir-alloyed Ni single atom catalyst 
was prepared and exhibited higher activity than that over monometallic Ir and Ni catalysts for 
catalytic hydrogenation reactions. For styrene hydrogenation, the maximum TOFs of 4190 min
−1 
was obtained at alloy composition of Ni/(Ni+Ir)=0.16 and the isolated Ni atom in the Ni–Ir alloy 
was the main active site for the reaction. Furthermore, Ni-Ir/SiO2 was more preferable than other 
non-noble metal+Ir and Ni+noble metal catalysts in terms of activity. The rate-determining step 
for Ni-Ir/SiO2-1 is the second hydrogenation step, that is hydrogenation of the half-hydrogenated 
styrene adspecies on Ir metals by H atom on Ir metals, which was facilitated by the electron 
transfers from Ni to Ir on Ni-Ir alloys. For hydrogenation of pyridine, Ni-Ir/SiO2-1 showed 
maximum TOFs of 3.8 min
-1 at alloy composition of Ni/(Ni+Ir)=0.24 and Ni is the most effective 
metal to Ir/SiO2 among non-noble metals (Fe, Co, Ni and Cu). In addition, large activity 
enhancement was also observed for the hydrogenation of carbonyl compounds, and Ni-Ir/SiO2-1 
showed the largest activity enhancement (19-times) than monometallic catalysts for pyridine 
hydrogenation among these substrates. In addition, Ni-Ir/SiO2 has potential applications in other 
catalytic hydrogenation reactions such as hydrogenation of nitrile, alkyne and diene.  
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